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Caveat:
" > The talk is intentionally qualitative with minimal math, and no in-depth
discussion™

> .. it is aimed at illustrating some general and well known concepts about
particle atomic and nuclear interactions...

> ... in particular the nuclear physics part is kept at a (sub?)minimal level
and the maximum energy considered is limited at few hundreds MeV

Y

It will likely be disappointing for many and maybe still
obscure for non-experts, I apologize in advance

N

* Extra material with more details is available in another file on Indico

Credits, in particular but not only: A.Mairani, V.Patera, P.Sala, F.Salvat, PDG...
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Overview:

N

4
Photon interactions
» Compton 9
» Photoelectric !
» Coherent scattering
Charged particle atomic interactions:

> (average) stopping power
» Landau fluctuations

> Multiple scattering

» Bremsstrahlung and Pair production
— radiation length

Nuclear interactions

> Elastic/Non-elastic

> hN nuclear interactions

> hA nuclear interactions

> AA nuclear interactions

> Photonuclear interactions
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Neutronics:

> Reaction types

> Evaluated data files

» Examples of evaluated cross sections
» Caveats

What matters for what:

> Deuteron stri
> ElectroMagn
High energy

> ElectrgMagnetic showe
» EM gdmponent of hadronic

owers
> Spftial development of hadroM

showers
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Cross sec‘l'lon metrics: Barn (b) = 10-2¢ cm?
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| Charged particles dE/dx

All energy transfers to the target medium are in the end mediated by Coulomb
interactions of charged particles following atomic or nuclear interactions

Two main problems:
> Compute the average energy loss, for a given particle, in a given material, at a given energy

» Compute the distribution of actual energy losses around the average value (energy loss
fluctuations) not discussed today U

The problem is to compute the moments of the energy loss
distribution

It is a central problem both in dosimetry and in general in
radiation physics
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Coulomb collisions among charged particles
A0 puy _ 22 Z°r’m’c’

dQ 4/3)2]72 sin4§

Rutherford cross section (m,.,=m << M,,..=M):

: . 0 :
using the 4-momentum transfer ¢=2p sin— q> =2p*(1-cosB) the cross section becomes:
do 4wz’ Z°rim’c’
dgq’ B4
In this form the cross section is no longer dependent on the (m << M) assumption and it works
in every frame!

do 2rxz°Z°r’mc’ (m )

Finally, using, T=¢°/2M (T=target recoil energy): jr = BT Me

The dependence on the recoil energy is essentially given by the 1/T? term.
It is therefore clear from such formulae, that low energy
transfers are much more likely than large ones.
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Coulomb collisions: considerations

For a given projectile/energy combination:

>

\74

The cross section per atom is given by

v Z times the cross section on one electron (= Z x 12)

v 1 time the cross section on the atomic nucleus (=1 x Z?)

The g% (4-momentum ftransfer) dependence is the same for light/heavy target/projectile

v Energy losses due fo interactions on atomic electrons are M,,...s/m. times larger than those on
atomic nuclei (T=q%/2M) for the same q?

v Angular deflections are the same for the same g2

U

Energy losses are dominated by interactions with electrons (so called electronic stopping
powerg by a factor M, ../ (Z m,) = m./m, A/Z and are computed as the sum of:

> Close collisions (collisions energetic enough to be ~ on free electrons)
> Distant collisions (lower energy transfer, interaction involving the whole atom)

Angular deflections are mostly due to interactions on atomic nuclei by a factor Z
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Close collisions: secondary electrons

The cross section for producing an electron of energy T, for an incident particle of kinetic
1

energy T, = (y = 1)Mc? (note now M_mpm)_and charge z is given for spin O and spm 3

particles by: Y B e ¢ For spin 3
do _ 2w mc’ | 1 T, [~ only

2 2 2wl

dT; ﬁ T max | 2 TE) + MC :
The maximum energy transfer, T, ., To an elec’rr'on is dictated by _k_lﬁé;n_&hcs and given by:

"m 2 B2v: Y—— Common 5
Tmax = = /3 )/ 2 GPPPOXimaTionT ~ 2m C‘2 p 4 me T = L(T’ /A)
; (m max TR 2 ATy T 500
M

Similar expressions hold for e-e- (Mgller, T, .=Ty,/2) and e*e- (Bhabha, T, =T,) scattering. In all
cases the dependence on the energy of the secondary electron is mostly due to the 1/T? term.

For' a 200 MeV/n ion T, .~ 400 keV — R.sp, r20~2 mm, for 20 MeV e — R.op, 1z0~45 mm
T,... determines the extent of the buildup region and of the electronic (dis)equilibrium!
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Unrestricted dE/dx for heavy particle:

The (unrestricted) electronic (ionization) stopping power for charged particles heavier than the
electron can be obtained summing up distant and close collisions for spin O or spin 1/2 particles as:

/N
Effective ~In pAy* For spin 3 n = % (n. elec. per unit volume)
charge r'ela’rivils‘ric rise only N 4
\ ( \ G — \
dE 2rnr’mc’z] 2m ¢’ fB°T 1 71 : C Density
=\ = T |n| = p mx |27 — M+ 220 (B) +22° Ly (B) - 2— = O | correction
dx ), i (- % A M) Z
Mean excitationenergy | \ \
Bloch (z*%) Shell
while for electrons (T, =Ty/2) and positrons (T, =Ty) is given by: term corrections
E\ 2xrinmc [ T(y+1 2y -1, 1(y=-1)
aEy - _ Jrrenzmec In 0(72+ )+(1—/)’2)— }/2 m2+-X=2) =5
dx J p 21 y Sy
E 271 12Ty +1) B2 14 1 4
dE = Jrrengmec In 0(72/+ )—/5 23 + + 2 -+ =0
dx |, S 1 12 y+1 (y+1) (;/+1)
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dE/dx and range examples: .:

Continuous Slowing Down Approximation (CSDA) range,
R/ spa. or simply R = fotal amount of matter traversed by
a particle of energy E, whenever the energy losses are
the average ones P

-1
RCSda =Jj0 ( dx )meandE

It is a useful concept for (heavy) charged particles up to
the energy where nuclear reactions dominate.

Since dE/dx is approx. a function only of the particle
velocity, B, and of its charge squared, z?, the following
scaling property holds:

M, | M M
Rb(Mwa»pb): % Ra(Ma=Za=Pa=Pb a)
b2, M,

Eg the range of an a particle of momentum p, is
approximately equal fo the range of a profon of
momentum  p,/4, same momentum per nucleon, eg of
energy T, = T,4 in the non relativistic regime, and
again T,~T./4in the relativistic case
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dE/dx (MeV 9_‘I cm?)
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dE/dx: considerations:

R N

U O

dE/dx in a given material depends only on the particle velocity, 8, and charge, z

thus particles with the same velocity and charge have roughly the same energy loss.
if one measures distances in units of pdx, g/cm?, the energy loss is weakly
dependent on the material, as it goes like Z/A plus the logarithmic dependence on I
Obviously dE/dx depends on the projectile charge squared

In practice, due to shell corrections, dE/dx never behaves like 1/E, at low energies
The energy loss, when plotted as a function of By=p/Mc, has a broad minimum at
By~3-3.5.

This minimum is almost constant up to very high energies, if the restricted energy
loss (that is the energy loss due to energy transfers smaller than some suitable
threshold) is considered

In practice, most relativistic particles have energy losses in active detectors close
to the minimum and are called minimum ionizing particles, or mip's
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Energy loss: examples (from PDG)
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Br'emSS?r'ah|Ung: The classical rate of energy loss
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for a charged particle experiencing

/‘F/Vl/f/ an acceleration a is given by:
E - O . dE e’

0
=
E-W dt 3c3

In reality things are much more complex and atomic screening plays a
major role in determining the actual bremsstrahlung rate,

The cross section differential in v = w/E, (w photon energy, E,, incident
particle energy):

2
2 _4r72
d0’7’6’"=40”/€ZZ e ﬁ—iv+v2 g—llogZ—fc +l 3—zlogZ +
dv 7V m, S J5 4 3 Z\ 4 3
2y [P, LW
3 4 Z 4

Here f. is an higher order correction (the so called Coulomb correction),
®,, @, are the (elastic) screening functions for nuclear bremsstrahlung,
and ¥;, ¥, are the (inelastic) screening functions for (incoherent)
bremsstrahlung on atomic electrons.
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Bremsstrahlung spectra: examples

k do/dk (B&S units)

¢

e rad

1.033E+01,
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¢
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0.4
k/T, 2 =82, T = 1.19E+01 MeV

1/Z22 v do,.,,,/dv for e- (red)/e+ (blue) at 12 MeV on Pb (left) and 12 GeV on Al (right)
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k do/dk (B&S units)
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Pair production:

The matrix elements of the bremsstrahlung are related to those of pair production by the substitution
k - - kand p — - p, where p is the four momentum or either the incident particle in the
bremsstrahlung emission or the four momentum of one of the pair of particles in the pair production.

In another way, they Feynman diagram of pair production is the same as the bremsstrahlung one,
rotated of 90°, where one of the electron lines, now going back in time, becomes the (outgoing) positron
line

The integration of the pair production cross section over all possible angles brings to the usual cross
section differential in v = E,/k , as, for instance, reported in the review of Tsai:

2

me ﬁuz_ﬂu_l_l g_llogz_f‘c +l E_%logz +%u(1_u) (I)l_q)Z_l_ilPl_lPZ
m |13 3 4 3 AWEE 3 4 7 4

p

do
pair 2 42
Q- darz"Z

where again f. is the Coulomb correction, and ®@,, @, are the same (elastic) screening functions as for
huclear bremsstrahlung, while ¥,, ¥, the same (inelastic) screening functions as for (incoherent)
bremsstrahlung on atomic electrons.
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Pair production:

examples
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Radiation length X,

Integrating the bremsstrahlung cross section gives the result

d_E = EOXO—I _ pNA Eof dVV dabrem —
brem PA 0 dV

‘m, 184.15
2 LE =log|—2
fs ( rad g 1/3 :|
=dar’z*7? M 'ONAE0 Lﬁd"‘ﬂ—fc"'L 1+l om, Z
m,| P, Z 18\  Z oy 1194
where the radiation length X, has been introduced: Lyaq = log . Zzu}

me

2
1
PN, Lf;d+L”"’—fc+1 14!
P, Z 18\ "z

X, = / 4bar’z*7’

X, is the length over which the initial energy is reduced to 1/e

m,

In a fully analogue manner:

N do,, m

A,_l. _ ,0 A du pair 2 4Z2 e
paiwr P 0 du

A

+_
m,| P/ |9 Z 54

2
N, (7[,, L” 1 1 9
IO 2 {_ |:L{ad +—d_-/‘c] (1+E)} eA’Paz’r z;XO

O Bremsstrahlung (cm?/g) scales as (same as pair production):
2

X()_l o Z_

A
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Coulomb collisions: Moliere cross section

The Moliére cross section for particle-Nucleus Coulomb scattering accounting for screening:

doy, _ dURmh 0. 5) = dORuth (1-cosB)’ _ 2’7 m’c _ 4z°7%r’'m’c’
o - daq e dQ  (1-cosf+ VXl BE1-cosO+ Vo527 B'ENO"+ )
> 1’22 Z(Z + E)m’c* 4m
Mol ﬁ4E2 Xa 1 + /Xa
T(MeV) | %, (mrad) | oy (kb) | R (g/cm?) | =1 (g/cm?)
0.1 38 900 0.0187 | 4.98x10°5
Al 1.0 8.4 346 0.555 | 1.30x10
10.0 1.14 308 5.86 1.46x10
0.1 317 517 0.0311 | 6.66x10*
Pb 1.0 35 784 0.784 | 4.39x10
10.0 4.5 793 6.13 4.34x10
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MCS: Moliere distribution

The Moliere distribution is an approximate result which holds for a specific single scattering cross
section (the Moliere one), for path-lengths not too short, and angles not too large. It is expressed
as an universal function, which depends only on one parameter B.

Probability of scattering through an angle 6 after travelling a total step length +
\ -\ 1

A : ] Bethe correction, not
| ] sinf]2--"""" present in the original
FMol(gat)dQ = 277/7((1%[26 § +:Ef1()()l+pf2()()+]{ P l,' theory
| _u2/4\_u_2___{12 ’ \‘-S‘i‘n'gle scatt. tail
fn ()()= ;.’(; G 4 JO()W)e (? n? /For' > F1c1/y*
1
: . [V 12
where the scaled variable is givenby: , -~ _ Ko
X Xc\/E X /32E
and B is solution of the transcendental equation (.. and b, are material dependent constants):
bt
B-InB=b=InQ, Q) =—"5
p
A Gaussian approximation for the MCS distr. (like 6., = % XL 1+0.0381n XL) ) can of ten be found
0 0

However it is not precise and, most important, it ignores the tails!
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Cross section metrics
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C 42.7 g cm2 (21.3 cm), Cu 12.86 g cm-2(1.44 cm), Pb 6.37 g cm2 (0.56 cm)
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Energy loss e*/e-

Critical energy = the energy at
which collision and radiative
energy losses are equal

Given that:
QO Bremsstrahlung scales as
(same as pair production):
2
X' o £s
. A .
Q Electronic stopping power

(dE/dx) scales (roughly) as:
dE. 7

- o —

dc A

— The critical energy
approximately 1scales as:

E, o —
YA
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examples, Water and Lead
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Bragg peaks: ideal proton case

N

L/
The Bragg peak is a pronounced peak on the Bragg
curve (laterally integrated depth-dose curve) which
plots the energy loss of ionizing radiation during its
travel through matter. For protons, alpha particles and
heavy ions, the peak occurs immediately before the
particles come to rest. This is called Bragg peak, for

William Henry Bragg who discovered it in 1903.

Curves (200 MeV p on Water):

>

>
>
>
>

Red:
Green:
Blue:
Purple:

pure CSDA, no nucl. int.
MCS + CSDA
CSDA + nuclear int.

E (GeV/cm)

no MCS, no nucl. int, Landau fluct. on.
Light Blue: full calculation
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200 MeV p on water (pencil beam)
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0.002

0.001

0.0

[
0'006||||||||||||||||||
- Full calc.
- Sec. elect.
B Bremss. phot
0.005 L cs + cspa
- —— CSDA only
0.004 |
@ R
= R
: =
E -
00.003 |
s
= R
i R
c =
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10 12

Right: depth-dose curve for
20 MeV e on Water

Left: depth dose curve for

10 MeV e on Lead

Q Purple: pure CSDA (bremss.

included)

O Cyan: MCS + CSDA

O Red: full calculation

0O Blue: secondary electrons
(E> 10 keV) contribution

QO Green: Bremss. photon
contribution

Note that the effect of
Multiple Coulomb
Scattering (MCS) is much
more important than for
the 200 MeV p example
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Electron energy losses: complete examples, H,O and Pb
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Nuclear reactions
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Nuclear interactions: generalities

3 In order to understand Nucleus-Nucleus (AA) and Hadron-Nucleus (hA) nuclear
reactions one has to understand first Hadron-Nucleon (hN) reactions, since nuclei are
made up by protons and neutrons

[ In general there are two kind of nuclear reactions (for both hN and hA/AA) elastic
and non-elastic:

> Elastic interactions are those that do not change the internal structure of the
projectile/target and do not produce new particles.
» They transfer part of the projectile energy to the target (lab system)
> Or equivalently they deflect in opposite directions target and projectile in the
centre-of-mass system (CMS) with no change in energy.
> There is no threshold for elastic interactions
> Non-elastic reactions are those where new particles are produced and/or the
internal structure of the projectile/target is changed (e.g. exciting a nucleus).
> Any specific non-elastic reactions has usually an energy threshold below which
the reaction cannot occur (the exception being neutron capture)
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From hN to hA cross sections:

N

L/
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Glauber calculus ¢
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approach accounting for inelastic screening

Alfredo Ferrari

starting from NN ones (left)
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hA, pA Cr'oss sections:
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Hadronic interactions are mostly surface effects = hadron nucleus cross

section scale with the target atomic mass A%/3 (R, +AY3)
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Cross section metrics
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9d 2

10b 100b 1kb 10kb 100 kb

10mb 100 mb 1b

1mb

)"im: :

C 85.8 gcm?(42.9 cm), Cu 137.3 gcm?(15.3 cm), Pb 199.6 g cm-2 (17.5 cm)
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Simplified scheme of Nuclear interactions

N

Target nucleus description (density, Fermi motion, etc)

g

Glauber-Gribov cascade with formation zone

H
above few

GeV)

/N

igh ener'gies/ l

Generalized IntraNuclear cascade

U

Preequilibrium stage with current exciton configuration and excitation energy
(not discussed in this lecture)

4

Evaporation/Fragmentation/Fission

J

y deexcitation
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Evaporation:

f\

After many collisions and nassiblv narticle omiesione, the residual nucleus is left in

a highly excited "equil ) eus) De-excitation can be
described by statistic** I evaporation of “droplets”,
actually low energy, i~ + /7 % s (p, n, d, t, 3He, alphas..)
from a “boiling” soup< .'. L€ nperature”

Since only neutrons h
strongly favoured.

come, neutron emission is

When the excitation e
to break the nuclear b
gamma deexcitation

paration energy (energy needed
mpt photons are emitted during

The process is termin

— the leftover nuclet
energies ~ MeV.

For heavy nuclei the initial excitation energy can be large enough to allow breaking

into Two major chunks (fission).
May 27th, 2015 Alfredo Ferrari 32
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n/sr/MeV/pr

197-Au(p,xn), &8 MeV

Evaporation
neutrons

NSNS

\

2 May327th, 2015

Eklab (MeV)

EO0 %1000 E
E 30 X100 &
&0 x10 7
7120 x1 : 4
A 1 1 1 [ N B | R 1 ) 1 1
g 10 2 3 4 s

Thick target examples: neutrons

97Au(p,xn) @ 68 MeV, stopping target
Data: JAERI-C-96-008, 217 (1996)

Double differential
neutron yield, energy
spectra at various

angles

Alfredo Ferrari

(n/sr/MeV)

°Be(p,xn) @ 113 MeV, stopping target

Data: NSE110, 299 (1992)

10°

108

1072

N
<
w

105

107

113 MeV Be(p,xn), thick target

)
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£ 60.0 x4
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4 VN 7

|Example of fission/evaporation
N
1 A GeV 298ph + p reactions Nucl. Phys. A 686 (2001) 481-524
> N L LI DL LI LI AL L LA NLUN LA UL L L L L L L L L L
* Data _ .
5 e Model final result Quasi-elastic
10 e Model after cascade
e Model after preeq
. Evaporation —
D
E N 4
g.' 100 ‘ ;&;\.' ' _\u;
o Fission :
1072 L _
[T 1T T N T N T N TN N T N T N T T Y T [N N T A T I [T N N
20 40 S0 80 100 120 140 160 180 200

Mass number
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The production
of specific
residuals is the
result of the
very last step
of the nuclear
reaction, thus
it is influenced
by all the
previous stages

34




Residual Nuclei

Right: color scale of isotope production
as a function of neutron excess (x-axis)
and atomic number (y-axis) for various
proton energy/target combo's. The black
line is the stability line

QO Particle beams tend to produce
proton rich isotopes because of the
preference for evaporating neutrons
rather than charged particles

0O Isotopes produced by fission are
typically neutron rich (at least for
fission on actinides)

O — there is an obvious
complementarity between the two
techniques

May 27th, 2015
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TIon-Ion reaction cross sections:
C4C 4He on 208Pb
1600 e 3500 —
1400 | 3000 { 1
Carbon on “He on }/,{j
1200 | .
) Carbon o 2500 Lead /* }\f .
£ 1000 | £ ’
2 2 2000 //
5 800 | o {
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600 | /
1000 /
400 | ~
|
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O . MR | . 2 . 2l . PR | " PR | " PR 0 r L f 1 : 2 1 " . il . N N
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Energy/nucleon (MeV) Energy/nucleon (MeV)
2 VCoul ZAZB [ ] 1/3 [ ]
o  =~a(R,+R,)|1- Ve =1.4—247E__|MeV R, ,~12A" [fm
E, A +A,
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> low energy particle ropically in its rest frame — highly energetic ones,
strongly forward peaked, in the lab frame (including the final residual)

> Contrary to hA collisions there could be a projectile-like residual flying
forward

May 27th, 2015 Alfredo Ferrari 37




</108 Ar + C @ 95 MeV/n 116200380100 Tpre
_ Projectile evaporation «’
10 forward peak \
10°
10°
10°
ConC@ 135 MeV/n
.y (0,15,30,50,80,110 deg)
< 103 (}?
£ Aron C @ 95 MeV/n *
e (0,30,50,80,110 deg
10'
10’
Neutron double 10
e differential spectra
at various angles 128
10 Symbols: exp. data
1072
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Examples of (thin target) neutron emission spectra:

C +C e 135 MeV/n 1182003801001 1pre

15 x1000Q°
30 %1000
™ 50 x100
80 x10

110 x1

7 10 2




Monoener

Arbitrary units

getic and SOBP for 12C:

e
e = hE—
= 2C (4()() l\IeV/u) on water
8 = Bragg-Peak = 7iUgUTTTYRTT
7 el RS USROS TR O SRUUTOTRURTUUUT: SOTUUOTTURRTUUON: SOTUURTUROTTURN SUTOINY  JUTOUNE SOTTRUTTRUROTINOT: DUTOTRROTRO
6
5

Left: 12C @ 400
MeV/n in water
@m Depth-dose
distribution (top)
and beam
attenuation (bottom)

V 4

Dose [Gy]

1 i 1
300

1 1 1 l 1 1 1
250
Depth [mm]
Exp. Data (points) from Haettner et al, Rad. Prot. Dos. 2006
Simulation: A. Mairani PhD Thesis, 2007, Nuovo Cimento C, 31, 2008

L1 50 'l 1 1 lzool

| I — i 1 1 i —
350 400

| — ot

NG/N,

due to nucl InT

12C

0.2i....i...|i...|i...||

~7'/° reduc.‘.lon ................. *~\\\ ...... c ............. ..................

0 50 100 150 200
May 27th, 2015 Depth Imml1

Right: Spread Out ’
Bragg Peak, global
depth-dose
distribution (top) and
detail of ion fragment
contributions mm)

(bottom)

Dose [Gy]
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Photonuclear reactions: Pb(y, x)

ot
&)

&
N

—
<

N

—
<

Crgss Section (barns)

2102

10-2
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82-PB-0(G,ABS)
EXFOR Request: 25351/1, 2015-May-16 12:32:23

Incident Energy (MeV)
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Neutronics
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Low energy neutron interactions:

Neutrons, being the only “stable” (T,,~10 min) neutral particle are the
dominating component at low energies. They undergo elastic and non-elastic
nuclear interactions until in most cases they are thermalized and captured by a
nucleus (n + 4,X — A*1 X + y’s). The slowing down is mostly accomplished via
elastic interactions since non-elastic ones (apart capture) have thresholds

At energies below 10-20 MeV, the specific nuclear structure of individual isotopes
starts to play a major role, and cross sections are no longer a smooth function of A
(mass number), rather...

— Evaluated nuclear data files (ENDF, JEFF, JENDL...)

Q typically provide neutron o (cross sections) and secondary particles (sometimes only
neutrons) inclusive distributions for E < 20 MeV for all channels. Recent evaluations
include data up to 150/200 MeV for a few isotopes

0O o are stored as continuum + resonance parameters

May 27th, 2015 Alfredo Ferrari 42



|"Low"” energy neutrons:

» Thermal neutrons: Maxwellian distribution (most probable energy @ 293 K ~ 0.025 eV)
» Epithermal neutrons, resonance neutrons, slow neutrons: 0.4 eV - 0.1 MeV
> Fast neutrons: > 0.1 MeV

Q
Q

Q

Non-elastic: (n,2n) (>~8 MeV), (n,3n), (n,p), (n,a), (nd), (n,np)... E;,, ~ several MeV

Inelastic: (n,n") (y's emitted with the n), E;,~MeV's (even-even nuclei), ~keV's
(heavy odd-odd nuclei)

m M 4z

Elastic: no thresh., energy transfer (6= cms scattering angle) T = 2E,,,, (1~ cos)

> Proton target: T... nax=Ekinne < Vrec>=1/2 Epin s

> Lead target: T, ,x=0.019 Ei., <T,.>=0.009 E,., , (for isot. scatt., E, <0.5 MeV)
Capture: no thresh., important in the thermal (and resonance) regions, mostly
n+ A X — AL X +y's, notable exceptions:

> 3He(n,p)’H, Q=764 keV

> UN(np)C, Q=626 keV

> 10B(n,a)’Li, Q=2790 keV

(mn + MA,Z )2
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Neutron da1'a. examples (eg from 't’r ://www.oecd-nea. or'/ ams/)

ENDF/B-7.1: US
JENDL-4.0: Japan
JEFF-3.1.2: Europe

TENDL-2013:
Model (TALYS)

Some of them
include data for
incident charged
particles as well,
and/or evaluations
up to 150/200 MeV
for some isotopes

May 27th, 2015




.. or from http://www.nndc.bnl.gov :

N

L/

File Edit View History Bookmarks Tools Help

/% Evaluated N... | +

@ (& www.nndc.bnl.gov/exfor/endf00.jsp

NNDC Databases: NuDat | NSR | XUNDL | ENSDF | MIRD | ENDF | CSISRS | Sigma

Search the NNDC:

| /[ Go |
NNDC Site Index
The ENDF Project
About ENDF -

Plot ENDF Data

The ENDF Format

The CSEWG Collaboration
Feedback

Comments, Questions?

v

Frequently Asked Questions
ENDF Discussion List
Found a Bug? Report it!

ENDF Releases

ENDF/B-VII.1

ENDF/B-VII.O

ENDF/B-VI.8

All Releases =
ENDF Covariances

g

MACS & Reaction Rates
MACS & Reaction Rates

May 27th, 2015

¥ ©) (B-Google
# Most Visited 9 People % Yellow Pages = Download 9 New & Cool 7 Channels @ Meetings and events Bl Google advanced se...
m National Nuclear Data Center

Evaluated Nuclear Data File (ENDF)

EN[][ ENDF/B-VII.1 released December 22, 2011

Vila

Core nuclear reaction database containing evaluated (recommended)
cross sections, spectra, angular distributions, fission product yields,
thermal neutron scattering, photo-atomic and other data, with
emphasis on neutron-induced reactions. All data are stored in the
internationally adopted format (ENDF-6) maintained by CSEWG.
Due to performance issues with the ENDF/B-VII.0 decay data
sublibrary we recommend ENDF/B-VII.1 decay data.

NATIONAL LABORATORY

ENDF/B-VI.8 (USA, 2001)

[ Basic Retrieval |( ]( h/—h O‘i;’nﬁl I
Target O ] Library
56fe; fe-56; 26-fe-56; fe* OAll ®@Selected O Reset
Reaction O ] ENDF/B-VII.1 (USA, 2011)
n,”; n,tot; n,g; n,f; n,inl; n,nu* ENDF/B-VII.0 (USA, 2006)
Quantity O y JEFF-3.1  (Europe, 2005)
sig; da; de; da/de; res; cov* JENDL-4.0  (Japan, 2010)
JENDL-3.3  (Japan, 2002)
CENDL-3.1 (China, 2009)
ROSFOND  (Russia, 2010)

. Submit | | Reset |

ENDF/B-V.2 (USA, 1994)

Database Manager: David Brown, NNDC, Brookhaven National Laboratory (dbrown@bnl.gov)

Web and Database Programming: Viktor Zerkin, NDS, International Atomic Energy Agency (V.Zerkin@iaea.org)

Web Programming: Boris Pritychenko, NNDC, Brookhaven National Laboratory (pritychenko@bnl.gov)
Data Source: CSEWG (www.nndc.bnl.gov/csewg/) and NEA WPEC (www.nea.fr/html/science/wpec/)

Alfredo Ferrari

45




Typical neutron cross section

Resonances = energy levels in compound

Il ]

nucleus A1Z*

>
Eyi, incident neutron

4Ctot
X
%
g lved resonance
o2 unresolved re
Z | | region
/ i resolveb i
' ‘resonance |
Before Doppler broadening . region
(Ocapt<<Oior) - — .
i leV lkeV
. resonance | ,
~ spacing Resonance spacing too dense =
i
few eV overlapping resonances
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Cross Section (barns)

10=

10~=

10™4

10™%

Low Energy Neutron Cross sections: C

ENDF Request 3156, 2011-Sep-86,15:08:18

10™5S

1

[0 capy~0.0035 b

kT @ 293 K

]

Bie
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1075

Incident Energy (MeU)

Alfredo Ferrari

10=

10™=

1074

10™%

Blue:

total cross section

Green: elastic cross section

Red:

capture cross section
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Low Energy Neutron Cross sections: “°Fe

N

Cross Section (barns)

ENDF Request 3158, 20811-Sep-66,15:15:37

1.0._1 . . - '1
102 | H10= Blue: total cross section
Green: elastic cross section
- - Red: capture cross section
| ! |
|1 ]
10~ = ‘ ‘ 10— =
10~4 1074

101 1
Incident Energy (MeU)
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Cross Section (barns)

Low Energy Neutron Cross sections: 113Cd

ENDF Request 3157, 2611-Sep-066,15:13:28

105 1
Blue: total cross section
O cqpt™~21000 b ‘ Green: elastic cross section
105 - ! 10" Red: capture cross section

kT @ 293 K

1
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N

Photon (atomic) Interactions

May 27th, 2015 Alfredo Ferrari
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Photon interactions:

May 27th, 2015

Fluorescence\

Photoelectric absorption

Compton scattering

Pair production

Alfredo Ferrari
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Photon cross sections: scaling

O The photoelectric macroscopic cross section (cm?/g) scales as:
ZS

Zpem—

A
O The Compton macroscopic cross section (cm?/g) scales as:

/Z
Zincoh - 71
A

O The coherent (Rayleigh) macroscopic cross section (cm?/g) scales
as. ZZ
Zcoh -y
A

O The pair production macroscopic cross section (cm?/g) scales as:

May 27th, 2015 Alfredo Ferrari
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Compton scattering: dynamics

Klein-Nishina cross section (see for example Heitler, "The Quantum Theory of Radiation"):

12 '
%=lrj k2 E+E—2+4cos ‘0
S d2 4" kK |k' k N
Let e be the polarization vector of the incident photon, and e’ that of the scattered one:
cos®@=¢-¢'

9
Split o into the two components, L and || to e_>respec‘rive|y (actually with e’ L to the plane (e, k’), or

contained in the plane (e k') ):
12 ' d 12 '

4o, lr o AN ﬂ=lrezk2 KK 2 4sin® 9 cos’ @

iQ 4 K|k &k dQ 4k |k' &k

cos” ® =1-sin’ P cos* P

The effect of polarization is important for polarized 7
photon beams (eg synchrotron radiation source)!! ¥ 9
It breaks the scattering azimuthal symmetrylll €
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Atomic corrections:
Atomic electrons are bound — atomic corrections are important

[ Mild effects on Compton (except at low energies):
v Small angles (— small energy/momentum transfers) suppressed
v Compton line broadened by bound electron motion

O Dominant effect on coherent scattering
» Atomic effect dominant, only small angle scattering is left

> Medium-large angle scattering suppressed because of loss of coherence

Under certain approximations atomic effects can be described
via the inelastic and elastic atomic form factors

May 27th, 2015 Alfredo Ferrari
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Compton cross section:

Gold*

I IIIIIIII | IIIIIIII

| IlIIIIII | IIIIIIII

! L

50 B
i Au -
‘= 40 | -
S | Zop=Z 8/3nr,? _
O
N 30 |
A -
-
o 20
@
b -
10 x|1/k
O L l*lfi’ 1 | Illllll | ! lllllll | | lllllll B B ) | |11
10° 10° 10" 10° 10 10’
Green curve: Klein-Nishina formula. E (eV)

Dashed curve: Waller-Hartree approximation.
Black

May 27th, 2015

*From the Penelope manual

curve: relativistic impulse approximation.
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PhO"'OeleCff'lC effect: JUS"' a reminder (more in the backup slides)

The incident photon is absorbed by an
atomic electron which is emitted with
kinetic energy roughly equal to the
incident photon energy minus the
(electron) binding energy. The atom is
left in an excited state

T,~k-U,

The electron must be bound to fulfill energy-momentum conservation
What is required to describe fully p.e. intferactions?

0 Cross sections for each atomic shell
3 Angular distribution of photoelectrons
0 Effect of (possible) photon polarizatio

n

O De-excitation of atomic ions left after the interaction

v" Fluorescence (X-rays) (radiative,

between shells)

v" Auger emission (electrons, between shells)

v' Coster-Kronig emission (electrons,

May 27th, 2015

intra-shell)
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N
\

1Mb

1kb

Cross section, barns/atom

Photon cross sections: summary

g T T T T T T T T N L
q .

Lead (Z = 82) .
o — experimental Gy

Carbon (Z =6)

— . o —experimental Oy -
i% 1 Mb

|
Cross section, barns/atom

1kb
coherent
1b} — 1b
P - - e AD 0 |
| ; Kn i
," incoh 0\ L _-.'—(e- »
Ombp- ./ | i VA 10 mb ‘ N .
106V 1keV "1 MeV 1GeV 100 GeV 10eV 10 keV 1|Mev 1GeV 100 GeV
Photon Energ1 Photdn Engrgy
Photoelectric =~ Compton Pair Photoelectric Compton Pair
dominated dominated dominated dominated dominated dominated

May 27th, 2015

Ope=photoelectric cross section; o, ,,=Compton cross section;
Ooherent=RAYleigh cross section; o,,. =photonuclear cross section;
Kn=pair production cross section, nuclear field;

K,=pair production cross section, electron field
Alfredo Ferrari
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N

L/

Photon yield

-6
x 10

0.9

Blue: Calculation

: Red: data

°’ [ Green: dose profile
** L E> 2 MeV, within

- few ns from spill

. . L] o ¢oe

o
o)

0.5
0.4 ®

0.3 —

#: *
¢2 ﬁ
X
o

',

Z (mm)

25

I BaF2 or Nal
'Y

I I -

A
PMMA target

Po collimator
20 cm thick
2 mm sht

beam

>
a) GANIL ‘L Z (mm)
p »- =

How to make good use of (unwanted) nuclear interactions:

GANIL: 90 deg prompt™
photon yields by 95
MeV/n 12C in PMMA

* Prompt photons:
nuclear de-excitation
photons emitted in
nuclear interactions

[sketch and exp. data taken from F. Le Foulher et al IEEE TNS 57 (2009), E. Testa et al, NIMB 267 (2009) 993.
Exp. data have been reevaluated in 2012 with substantial corrections]
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Unwanted nuclear physics turned useful: B* isotope prod.

N

0,001

o a4F. ? H1.3
; b 7 = 1e-07
) 1 % - 1.2
l , / — - e 2 1.1
0.8o1 - . :
10 ' 1
0.9
0.8
0.7
1e-08
(.2 {
'{ 5 .~ 0.6
P
: !(;’;':’ﬁ L
r . - > rr rr'/ A
- e Y%, -~
rr;'"r;'ﬁr' 2 10051 L A I o5
| 4 X
A% AR

B* emitters produced in

Dose ma , :
P nuclear interactions map
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NIST Database:
http://physics.nist.gov/PhysRefData/Xcom/Text/chap4.html

5606 NIST XCOM: Element/Compound/Mixture
J I NIST XCOM: Element/Compoun... +
4 physics.nist.gov/PhysRefData/Xc c -'l' Google Q » e
= XCOM: Element Options
—.1 Google Mail LNF i) Mail Uni [V] Gmail , ROOT » Bookmarks
Q = - 0 XCOM: Element Options u + L
NIST d )i} physics.nist.gov/cgi-bin/Xcom/x & | ([~ Google Q) A
N-Imdla::nd —
Phyeicol Mecs Laboratory uf._,j Google o Mail LNF i) Mail Uni [V] Gmail , ROOT » [ Bookmarks v
e
Fill out the form to select the data to be displayed:
Element/Compound/Mixture Selection
Help
In this database, it is possible to obtain photon cross section data for a single element, compound, or mixture (a
combination of elements and compounds). Please fill out the following information: Select by: (only elements 1 - Options for output units:
Hel 100)
@ All quantities in cmzlg
Atomic Number: 0 antities i
Identify material by: e umber: sl
or O Partial interaction coefficients in barns/atom
® Element Symbol: ¢ and total attenuation coefficients in cm?/g
O Compound Additional energies in MeV: (optional) (up to 75 allowed)
0O Mixture Graph options:
Note: Energies must be between 0.001 - 100000 MeV
Method of entering additional energies: (optional) # Total Attenuation with (1 keV - 100 GeV) (only 4 significant figures will be used).
Coherent Scattering One energy per line. Blank lines will be ignored.
® Enter additional energies by hand ) Total Attenuation without
O Additional energies from file (Note: Your browser must be file-upload compatible) Coherent Scattering
# Coherent Scattering
# Incoherent Scattering
(" submit Information ) ( Reset ) W Photoelectric Absorption 3
# Pair Production in Nuclear ¥ Include the standard grid
o5 ; Field E ‘R .
XA VA O Pair Production in Electron | ~“M€T8Y Sange:
R Minimum: 0.01 MeV
) None
Maximum: 1000 MeV

( Submit Information V Reset )

May 27th, 2015 Alfrede &@U@E&umcm
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NIST Database:

~http://physics.nist.gov/PhysRefData/Xcom/Text/chap4.html

e ala

XCOM: Photon Cross Sections Data for Carbon O00 XCOM: Photon Cross Sections Data for Carbon
J {_} XCOM: Photon Cross Sections D... L+ J "} XCOM: Photon Cross Sections D... (+ |
d )} physics.nist.gov/cgi-t ¢ | (2~ Google QM « )} physics.nist.gov/cgi-bin/Xcom/xco & | (9~ Google Q)
tr:i Google &) Mail LNF i) Mail Uni  [V] Gmail » [E3 Bookmarks ~ {7.f Google & Mail LNF i) Mail Uni [V] Gmail , ROOT \\/ Wikipedia » [EJ Bookmarks v
| | | | - (" Download data ) (_ﬁ) —~
[ Scattering [ Pair Production | Total Attenuation
[ (rapiee) = - = . 0
= = Photoelectric —
Edge| Encrgy | Coherent [[nmit Absorption |In Fuclcar Electron | Coherent | Cobernt
Field | Scattering | Scattering
I MeV | em®lg I em’lg | em’lg em/g em®lg | em®/g | em®lg
1.000E-02 |1.620E-01 |1.352E-01 | 2.076E+00 (0.000E+00 |0.000E+00 | 2.373E+00 2.211E+00
L 1.500E-02 |9.787E-02 |1.510E-01 | 5.585E-01 |0.000E+00 |0.000E+00 | 8.074E-01 7.096E-01
2.000E-02 |6.478E-02 [1.595E-01 | 2.177E-01 |0.000E+00 (0.000E+00 | 4.420E-01 3.772E-01
[3.000E-02 [3.365E-02 [1.655E-01 | 5.706E-02 [0.000E+00 [0.000E+00 [ 2.562E-01 [ 2225E-01
~ [4.000E-02 [2.045E-02 [1.653E-01 | 2.193E-02 [0.000E+00 [0.000E+00 [ 2.076E-01 | 1872E-01
“g [S.000E-02 [1.371E-02 [1.630E-01 | 1042E-02 [0.000E+00 [0.000E+00 [ 1.871E-01 | 1.734E-01
= 6.000E-02 |9.807E-03 [1.598E-01 | 5.671E-03 I0.000F.+00 0.000E+00 | 1.753E-01 1.655E-01
8.000E-02 |5.711E-03 [1.531E-01 | 2.169E-03 |0.000E+00 0.000E+00 | 1.610E-01 1.553E-01
[T000E-01 [3.719E-03 [T.466E-01 | 1031E-03 [0.000E+00 [0.000E+00 | 1.514E-01 | 1476E-01
[1.500E-01 [1.685E-03 |1 327E-01 | 2.706E-04 [0.000E+00 [0.000E+00 | 1347E-01 | 1330E-01
[2.000E-01 [0.541E-04 [1 219E-01 | 1063E-04 [0.000E+00 [0.000E+00 | 1229E-01 | 1220E-01
[3.000E-01 [4264E-04 [1.062E-01 | 2980E-05 [0.000E+00 [0.000E+00 | 1.066E-01 | 1.062E-01
[4.000E-01 [2.403E-04 [0.521E-02 | 1272E-05 [0.000E+00 [0.000E+00 | 9.547E-02 | 0523E-02
\ [S000E-01 [1.539E-04 [8.699E-02 | 6.839E-06 [0.000E+00 [0.000E+00 | 8.71SE-02 | 8.700E-02
[6.000E-01 [1.069E-04 [8.047E-02 | 4253E-06 [0.000E+00 [0.000E+00 | 8.0S8E-02 | B.048E-02
[8.000E-01 [6.017E-05 [7.070E-02 | 2.144E-06 [0.000E+00 [0.000E+00 [ 7.076E-02 | 7.070E-02
l | I | [TO00E+00 [3.852E-05 [6.358E-02 | 1333E-06 [0.000E+00 [0.000E+00 | 6.362E-02 | 6358E-02
102 10" 10" 10" 102 10 [T.022E+00 [3 688E-05 [6.292E-02 | 1229E-06 [0.000E+00 [0.000E+00 | 6296E-02 | 6293E-02
Photon Energy (MeV) [1250E+00 [2.465E-05 [5.686E-02 | 8.348E-07 [1.439E-05 [0.000E+00 [ 5.690E-02 | 5.687E-02
e Total Attenuation with Coherent Scattering [1.500E+00 [1.712E-05 [5.169E-02 | 6.062E-07 [7.992E-05 [0.000E+00 [ 5.179E-02 | S5.177E-02
Coherent Scattering |2.000E+00 |9.632E-06 |4.410E-02| 3.826E-07 |3.187E-04 |0.000E+00| 4 443E-02 I 4.442E-02
Incoherent Scatisring [2.044E+00 [0.220E-06 [4.356E-02 | 3.702E-07 |3.435E-04 [0.000E+00 | 4.391E-02 | 4390E-02
May 27th, 2045 Moo sbsgben . A'fr%%‘t EIE-06 [3.470E02 | 2147E-07 [9.125E-04 [1214E-05 | 3563E-02 | 3562602 |
. ] SUSE-06[2894E-02 [ 1478E-07 [1482E-03 [4956E05 | 3047E02 | 3047E02 | +
C C DIRR Y
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A.Ferrari, P.R.Sala, "The physics of High Energy reactions”, Proc. of the Workshop on Nuclear
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May 27th, 2015 Alfredo Ferrari 63



