L ecture 2N (2003)
Krane Enge
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Nuclear Size
Electron scattering : : 1.3 3.2-4

Mu-mesic X-rays : 3.6
Nuclear Masses : : 1.4 4.1
Binding Energies : : 1.4 4.2
Separ ation ener gy : : 1.4 4.3
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Problems L ecture 2

1 300-MeV dectrons are used to indadticity scaiter off a nucleus
(@ What isthe wavdlength of the incident eectron?
(b) What isthe wavenumber of the incident
electron?
(¢) How much momentum istransferred to the :
nucleus if the electron scatters through 30°? |

(d) What isthe momentum of the scattered Jl
electron? % Al
2 Edimate the radius of 2C and 50 i J J
from the 3 sets of dataiin fig 3.1 of Krane. How . sing=1/d '
do your values compare with the values from R = P 0
RAY. Where R° = 1.2 fm? a3 S, pens Soniee i 0T . T

T RPN TN Gy M BT BEThis Lintar AosHBIDT Danter (M
Erronterg ot o, Phys. R, 11, 066 (106

F | I ; _! 3 Convince yoursdf that the energy of the K x-rays
B 1 |1 from the mu-mesic isotopes of Fe shownin the
o} ~-'f ¥ omemaanfins figure to the left, should increase as A decreases.
B =il —H]
i | =2
e w s T T 11 | 4 Compute the mass defects of 32S, 2F, 238U
) l::" -":'.‘: r'lr 'T:""'".ll‘.". |.
oo ] W ) | B J 5 Evaluate the neutron separation energies of LI,
ST EET T 121, and U
« | N 1
Tae e e e 6 Cdl culate the thresholds for the reactions:

“Ne(gp), *O(g.p), *°Pb(gn)



Review Lecturel

1 Basic Nomenclature

Nucleons
Nucleus:
Nuclide.
I sotope
| sobar

28

A isthe nuclear mass number

Z isthe charge or isotopic number
N isthe neutron number

2. order of magnitude of qguantum states from Heizenber g uncertainty principle

M olecules
Atoms eV
Nuclei M eV

Nucleons 100 MeV
3. Dimensions

Atomic size ~10°m
Nuclear Size~10%° 10" m

4. Rutherford’sproof of Nuclear model of atom by alpha scattering

Nt
dw' 4,49

6. Problems1-3
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Lecture2N

Now we might ask how to determine the sSize of the nucleus with some certainty. Naturaly we
are probing something we can’t see, and we need to probe with an external probe and interpret
the results. Scattering from the nucleusis a standard tool, and since the nucleus contains charges
we can use coulomb scattering. The first response is to note thet it has been aready done nearly
100 years ago. However if you recal, Rutherford scattering assumed that there was a point
charge. If the probeisto get close enough to see the size of the nucleus we must

incor porate thisinto the analysis.

Scaitering of high-energy (200-500-MeV) dectrons was the preferred method, and we will
shortly look at the experimental methods. However you might dready have worked out how this
will work, and what the experimentd results will look like.

Harking back to Rutherford, | would expect thét if the electron doesn’t makeit closeto the
nucleus (that isfor small scattering angles) the results should be the same. Itisonly
when the eectron is close enough to discern that the nucleus is not a point that differences might
occur.

A beam of 200-MeV dectrons has a deBroglie wavelength of about 10 fm (< diam of a
moderate nucleus). (you should check this). So we have here atypica problem of awave
scattering around asmall object. (1997 VCE question). sing =nl /d

T PHYSCAT 1A

Mary and John attend an orch 1 concert. U ly they have poor seats, and are siing in the baleony
behind & column, such that John cannot see the double bass section of the orchestra and Mary cannot see the
Plutes, The sitation is illustrated below in Figure 6.
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Figure 6

Al the end of the concert Mary comments that she could not hear the flutes well, John, however, says that (o him
the orchestra sounded balanced, and he could hear every instrument inchuding the doutle basses.

Rutherford scattering
" (Should be Mott scattering)

So | would expect a scettering cross
section to look like:

Meumber scatterzd

X

T — E_,..___“ bt i
20 40 [ 80 100 0 M0 160

Smﬂsrlx-aﬂgre ldegroes]
{d)

Figura 11.90 () The dapandence of soattering rate on the scattering angle 0, L

using a gold foil. The sin~*(# /2) dependence is exsctly as predicte h
Rutherford formula, ) v @ predicted by the




Here are somereal ones

Note for 60 thefirsg minimum
movesto asmdler angle asthe
wavelength decreases (energy
increases).

However thereisalot more that
can be got from these data, and it
is necessary to look in alittle more
detail.

Before we do that let’s see how
these measurements are made.
Our research group was involved
in electron scattering experiments
a Mainz University. Wedso
work a Tohoku Universty where
elastic electron scattering was a
mgjor research program.

What we need is;

v'asource of high-energy
(~100+ MeV) dectrons

v athintarget containing the
nuclel

v'ameans of measuring the
angle and energy of the
elastically scattered
electrons.

Teatierad inbsity (wbisary st

sinbh= A&fd

10 -

SN NPT OBPRES

Figurs 3.1 Electron staltering from 0 and '°C, The shape of the cross sect
la somowhal similar to thet of difrastion patterna cbtained with light waves, 7
data come irom darty experimants af the Stanford Linear Accelerator Cantar (H
Ehranbarg ot al., Phys. Rav. 113, 686 (1650)).

EIGURE 1-1 Exparimental atrangamant for measuring the
angular variation of slectron scattaring frem nuclel. The
angle § is varied by moving the detector, and for each ]
neasurements are made of the ratio between the aumber of
scattered electrans it detests and the number of electrons
in the heam as determinad by the collector. {Singe very few
electrons are deflagted By large angles, practically all of the
beard reaches the collector.) Typical resulis of these meas-
urements ate shown in Fig, 1-2. The detecter is actually a
wery large and cemplex group of instruments capable of
determining the energias of the electrens.

thin target i-eam
of material collectar
o be studied
ingident
bezm of N [ ’
electrons . T —.

mwalél)e
datector
- for scattered
alsttrons
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What is an eectron linear accelerator?
A means of transferring EM power to
electron KE.
Components. injector (100keV) —
Klystron power for |

Drift tube

Electron magnetic spectrometer
Need to be aleto change angle
Need to measure energy of scattered electrons.
We want to consider only dadticaly scattered ones, not those that have given
energy to the nucleus.

vigure 1 The Hirce-speciromeler setup at MAMT

What can we actually learn that is quantitative from elastic electron scattering.?

| don’t expect you to reproduce the detailed derivation on this, and indeed | do not intend to be
too rigorous mysdlf. However it introduces, or in some cases, revises stuff you did in Quantum
Mech.

The smple diffraction picture | mentioned assumes a solid object, hereisthereal situation
In smple terms we have a beam of dectrons of defined momentum, scaitering and exiting with

the same energy, but of course a different vector momentum. The elastic scettering is the result
of an eectrostatic potentid V(r).
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Both the incident and scattered waves are plane waves with momentum k; and ky. (Actudly k is

the wave number 2p/| ) (% p= ;p)

The probability for scattering is given as the square of

F(ki,ki)=¢y tV(r)y jav equ1

Vectors k; and k;. are defined in terms of the momentum transferred to the nucleus g;
where k; - ki=q

Sincey i =e " and Y ¢ :eikf !
equ 1 can be written as
F(q) =€ V(Idv . equ2

ze?

The form of the dectrodatic potentia V(r) is not in this case smply e
er

asit would be between a point nuclear charge +Ze and an dectron charge -e. . Inthis casethe
effect of each tiny nuclear charge DQ spread
through the nucleus with acharge density r (r').
Ze? re(r)av

o 1
ey~ |r-r|
Putting this specific form for V(r) into equ 2 one
gets

MNuclaus

V(r)=-

F(q)=0e""r (r )av : \ Efectron
Whichisthe overlap of a wave of
wavelength dependent on the momentum
transfer with thetotal nuclear charge.

If you look back to Rutherford scattering, you
will noticethat here asthen, theincident and
scattered momentum magnitude is unchanged
and Dp is2psing/2. So q is the wave number
corresponding to this, so isafunction of g the
scattering angle.

lpil = mup
scattered beam

-

" Y —8)
5l [

2p .
q=7psmq/2 |pil = muvg

Incident beam
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So F(qg) can be measured as afunction of q (or ), so thet the only unknown in the reletionisr ,
the charge digtribution of the nucleus. F(q) is known asthe form factor, and isthe Fourier

transform of r (r’) .

Here are some typical electron scattering cross sections

LA
R .

sinll = R L |
I3 Y - ™ )

Bt g Cepen
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-

Figare 3.1 Elecinon scatieving from "0 aud U0, Tha shegs of ihe crom el
bz momewhat similer io thal of diffraciieen patsssns obiaived wilh liylt wavea. 1
data oo Iram alirty sxpaniments at T Staniord Linear Accaleraior Canlar (H

Erreriomy o1 oL, FTIPE SOV 113, 550 {1 eE),

Thus from F(g)’'s experimentaly measured
dependenceon g, it is possible to determine

r(r).

0.10

Charge density

'

2 008 :
L e

|
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Dist. in Fermi (10 m)  r0m

Q.09

{3 dever minad by ihe value of r
bl Moy dorvra feam the phateau
Lo p=0

FIGURE 1-2 Angular distributions of
185-MeV electrons scattered from vari-
ous nuclai. The curves through the data
are theoretical fits. (From B. Hahn, D. G.
Ravenkhkall, and R. Hofstadter, Phys. Rev.,
101: 1121 {1956).]
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FIGURE 14 Mucleon density in variows nuclei as ablained from

the fits b the date shown in Fiy, 12 [Foon 2 Tlabo, O G0 farsahall,
anrd B Hafotadras, Prys. Rew., 1002 1131 (19861
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Now these plots are quite reveding. The Left-hand oneisthe char gedistribution, asafunction
of radius, and the RH one is the nucleon distribution, alowing for the rdative neutron/proton
numbers on the assumption that their distribution is the same.

Note that the central region of the nucleon density is essentialy the same for dl nucle, light or
heavy. Nucleons do not congregate in the centre of the nucleus, but have afairly congtant
digtribution out to the surface. Thus the number of nucleons per unit volumeis essentidly

~CoNnst. sothat R = ROAJJ3

Stant.

R, = 1.2 fm from electron scattering studies.

Y ou see what we havein nude isclose
packing of nucleons, and R, might be
thought of astheradius of anucleon.

Y ou might note the difference between
nuclear Sizes and atomic sizes. For

nde R = F\’OAJ'/3 , S0 heavier
nuclel are bigger.

el 15 (o

Fligure 3.5 The s nuclear radivs Gebermengd Irom pleciron Soathening experi

mants, The wlops of e straight line gives B, = 123 fm. (The oo s ool 8 tres 6 0

. oS3 Tho eror b s tymouly i e o o of g el 4 0.0

A = A, 4% Tha bars: " 0 . .

fm). More Mmpu:':n-ng& ;Edau s referencen can ta fownd in The renew of For atoms we find that the size of

G.W, da J alal, A b Date and Muckear Data Tabves 14, 479 (1974), . . .
RSN aomsis essentially constant, mainly

because for an atom there is a centrd force (the charged nucleus) that provides alarger central

force as Z increases. So the atomic radii are pulled in. In anucleus we do not have a centra

force; the A nucleons are dl bumbling around in close proximity to only afew neighbours.

Y ou dso natice that the surface of the nucleusis not well defined. The density falsfromits
constant value to zero over adistance of about 2.3 fm (1 fermi = 10 ® m). Thisso-caled
“skin thickness’ isessantidly the same for dl nude.

The digtribution of nudear density is given by f(f)zm where R =RA"®  agndt
is the skin thickness.

There are other, less accurate ways to determine the nuclear size. | want to mentio n them only
because they are clever, and because they give you a chance to see how minute effects can lead
to sgnificant results.

Soit looksasif the nucleusismade by just packing in protonsand neutrons, so that
they form a sphere of volume proportional to A. That is, the nuclear force hasavery
short range, and each nucleon attracts as many near neighbours as possible . If life were
this smple we would not be studying nuclear physics. Let’slook at what leads to the stability of
just afew of the possible combinations alittle more closdly.
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Nuclear Stability 10
Pairing

Firdly | have shown you the chart of
nuclides. Not any combination of N and Z
isgtable. For light nuclel N=Z is most
likely, though N+2 and Z+2 are OK. For
heavier nuclel wefind that N>Z ismore
likely for gebility. The reason for this
should be evident to some of you, and
we will come back to this when we look at
our firg modd of nudei.

3 pat-le nuclide:

Houmsor of protons

HoMODET 0] peunars =0

Note that nuclei below the stability line would have too many neutrons for stablity. If sucha
nucleus were made it would in essence change a neutron to a proton by beta minus decay.
Conversdly a nucleus above the stability line would have an excess of protons and would
decrease the proton number by positron decay. Thus such unstable nuclei would move towards
the stability line dong an isobaric line (keeping N+Z congtant).

Not only do we find that nuclel with N>Z are dominant (you correctly deduced this as being due
to the repulsive effect of the coulomb repulsion, so that moreN are required to separate the
protons more). But thereis a preference for stable nuclel to have even numbersof Por N or
both

“even
Codd
even
odd

‘H OLi 0p N

Nucleon Binding energies

However there are some other systematic effects that show up in nuclear properties that will hep
us get some handles on the nature of the nuclear force. In order to see these we need to
consider nuclear masses and the binding energies of the nucleons within the nucleus.

We have sad that the nucleus contains essentialy dl the mass of an @om, yet so far | haven't
given any masses. To first order the mass of the eectron in the hydrogen atom has 1/2000'" of
itsmass. Hereisatable of masses of the nucleons and the eectron

17



K £ MeVic amu

proton’ | 1.67252x10°" 938256 10072766

nentron - [ 67482x1077  039.550  1.008B6654
electron  9.10908x10°"  0.511006 00005486
amu 1660431077 931.480 ]

1 atomic mass unit (ama)
= 1/12"" of the mass of an ATOM of “C

6p @ 1.0072766 = 6.0436506 W
tn @ 00866 = 60519924 »

Ge @ 0.0005486 = 0.0032916 w

1209894361 compare 12 00000

Note the different ways we can
measure the masses. Because E=nt2
we should fed quite happy to express
the massin terms of its energy
equivaent. Hence column 2.

Column 3 is probably the most
convenient unit for expressng masses
of nudeons and nudld: the Atomic
Mass Unit. Because nucle comein
modulesof A nudeonsit is
convenient to have aunit for a
nucleon that isabout “1”. Itis 1/12
of the mass of a neutral atom of
carbon 12. Notethisincludesthe
mass of the 6 dectrons.

Hopefully some of you have dready
seen that from the overhead that the

sum of the partsis not equa to the whole....it is greater than it by about 100 MeV/c? or 1%.

How come?

About 1% of the mass of the individua components has disgppeared when combined into the
nucleus of carbon; that is, the 6 protons and 6 neutrons have a combined binding ener gy
of about 93 MeV. It would take 93 MeV of work to pull the carbon apart into its congtituent

components.

Thisisasgnificant massloss.  For an aomic system, when chemicd reactions are involved the
binding energiesinvolved are of order €V. That is the energies of outermost bound dectronsin
the atom. For hydrogen you recall the BE of the eectron to the protonis 13.6 €V...about 1
part in 1(° of the mass of the alom. Now in the smdler nuclear system the BE is of order 1 part
in 100 (or 1%) of the massesinvolved. It isof interest to go down one more step in the
substructure scale, and postulate that if the nucleon is the binding together of 3 quarks, what

fraction of thelr energy islogt in binding?

Entity components  Masses B.E. Fraction
of mass
= -6
‘[H atom . 0 M =1GeV 136ev  10%%
Me=0.5MeV
P e
M =M, 100 MeV 1%
=1GeV
6P+6n

‘ QOQ@ Mo=100Gev? ~299Gev 99%
_ 18
4 u y Meml0eV

u



Free quarks have not been found (except by McCusker from Sydney University in the 1970's),
but it islikely that their massis of order 100 GeV/c?. If s, then three of them combined into a
nucleon of mass about 1 GeV/c?, we can see that 99+% of the mass has been released as BE.

Tabulation of Nuclear masses

The masses of dl stable and most ungtable nuclei are now tabulated. App. C of your text lists
them in units of amu. Because the masses are very close to the vaue of A for the nucleus, many
times the tabulation ligts only the difference from the vdue of A. Thisisthe mass defect or
mass excess.

M easur ement of Nuclear masses
Before discussing some of the characterigtics of the nuclear force that can be derived from a

study of nuclear masses, | feel it important that you have some idea how nuclear masses are
measured. Enge spends aded of time on thisin section 3.2, and dthough of intere,, it isabit
too specidised for an introductory course.

In essence the mass is measured by measuring the momentum of a charged ion whose velocity is
known. Fig 3.13 shows the schematic of a mass spectrometer.

gE = gvl my = gfir
E my
V= o
i) g

z

- mea R
E

Walariy

=n soums

v L
taam T =
| ﬂ = \{—| ¥ —

Figura 3.13 Schematic diagram of mass spesirograph. An ion Sourcs Erodeces
& beam with a thermal distribution of wvelocities. A velodity selector paswes oTily
thosa (ons with a partioular welocity (othens being deflectsd &s stown), and
momeniem selection by a uniform magnetic fislkd germite dentification of ndous
Massts

The accuracy of the measurements needs to be better than 106, since thisis the order of the BE
involved in nude.
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The spectrometer can aso be used to determine the rel ative abundance of the isotopes of an
ement.

NUCLEAR-PROPERTIES 63
160

140}
120}

8

Masses 78 and 80
60 [ =10 §

Positive-ion currant
3

Mass units

Flgure 3.14 A mass-spectrum analysis of krypton. The ordinates for the peaks at
mass positions 78 and 80 should be divided by 10 to show these peaks in their true
relation to the others.

And if designed on alarge scale, to provide samples on eements consisting of single isotopes.
This was the method used in the Manhattan project to provide the enriched 235U for nuclear
weapons. They had acres of huge mass spectrometers that dumped 23°U onto little piles, which
were collected and accumulated. Not however the hedlthiest of jobs, since it was a pretty
radioactive nucleus.

M or e about binding energies

Separ ation Energy of anucleon (S,, S,)

We indicated above that the mass of the components of >C exceeded the mass of the nucleus by
some 100 MeV. That isthetotal binding energy of the nucleus was 100 MeV.

Perhaps a more interesting and reveding figure is the BE for the least bound nucleon (p or n).
Thisis usudly termed the Separ ation energy S..

A
For example the separation energy of theleast bound neutronin nucleus 7 X.
?X > A-Z]'X +n

S =mA-1, Z) +m, -m(A, Z2)

consider “°Ca

m(*°Ca) = 39.962591 amu

m(*Ca) = 38.970718 amu

m (n) =1.008665 amu

s0 S, =0.016792 amu (x 931.480 MeV/c?) = 15.64 MeV

Note thet thisis aso the threshold energy for the photoneutron reaction “%Ca(g,n).
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Thereis something thet we can learn from an examination of the separation ener gies of
adjacent nuclel. Let’slook at the case for the isotopes of Ca

Neutron Separation Energies
isotope Neutron No. S, (MeV)
(97%) “Ca 20 15.7
(7x10*yr) “1 21 8.4*
(0.64%) “Cca 22 1154
(0.15%) “ca 23 7.0%
(2.1%) “Ca 24 11.1#
(~3yn “Ca 25 7.4
(3.3%) “ca 26 10.4#
(5 day) *Ca 27 7.3
(0.19%) “Ca 28 0.0#
(10 min) “ca 29 51
*Ave (odd N) 75 MeV
#Ave (even N) 10.7MeV
pairing energy ~ 3.2 MeV

Cadciumisagood st of data since there are many isotopes. Mogt of these are stable, and
indeed a some stage we had a large fraction of the world’ s supply of the separated i sotopes of
meass 48 herein Mebourne. Y ou will notice a systematic trend in these data. | choose to leave
out mass 40 and mass 49 data. Both rely on very unstable nuclel in order to derive Sh.

Note thet in generd the binding of the neutron in a nucleus with even number of neutrons
is10.7 MeV, whilethe binding of onewith an odd number of neutronsisonly 7.5. MeV.
This confirms our observation thet even number s of nucleons gives stability, but it further
saysthat the strength of that extra stability isabout 3 MeV. Inredity we know that
nucleons obey fermi statisticsjust as do eectrons. That is, nucleons have anintringc spin like
électrons. Andjust like electronsin atoms, nucleonsin nuclei liketo pair off with their spins
opposing.

So even without any specific discussion of the nuclear force we are
beginning to understand some of its properties.
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Some properties of the Nuclear Force

observation Implication
Short-range force with a
repulsivecore.

pairing = sability

pairing energy ~3 MeV
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