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Why Nuclear Reactions?

Nuclear reactions in general are used to:

1. Produce other nuclei:
samples, sources, new elements, isotopes for applications,
(radioactive ion / rare isotope / exotic) beams

choose your favorite expression

2. Study some properties of a nucleus of choice

in a reaction experiment for:
nuclear structure, astrophysics, reaction mechanisms,
stockpile stewardship,...

3. Study nuclear dynamics and nuclear matter
equation of state
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Outline of these lectures

- few basics of reaction experiments

- different reaction types

- production of exotic beams for reaction experiments
- some experimental considerations

- examples reaction experiments with exotic beams
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Some basic notations

projectile/beam ?rget
R
A reaction: A+B—-»C+D or B(A,D)C

7 X

fragment/recoil residual/ejectile
D
@
A B ~
>0
3w C

Normal kinematics: a+B—C+d; B(a,d)C, Mprojectile < Mtarget
Inverse kinematics: B+a—d+C; a(B,C)d, Mprojectiie > Mtarget
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Conservation laws

Things that are considered conserved in nuclear reactions:
Energy

Linear momentum
Proton and neutron (baryon) number
Charge
Angular momentum
Parity

|sospin
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Reaction Q-value

Reaction Q- value: amount of energy released in the reaction

Q — Z MEi _ (Z MEf + Ef*) = (Mbeam + ]wtazrget)c2 _ Z (MpVOduCZCz + Eexcitation,product)
] f products

Most convenient to use mass excesses (ME) or binding energies (BE).
Evaluated values available e.g. through https://www-nds.iaea.org/amdc/
(various vintages of these evaluations are found through out codes, be careful
If working on something very recent and code uses something older!)

Q < 0: endothermic reaction, requires energy input to make it work
Q > 0: exothermic reaction, energy is released, can occur if otherwise possible

Important to consider when choosing what reaction to use!
(reaction energy threshold, momentum matching,
which states to populate, kinematics...)
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https://www-nds.iaea.org/amdc/

Few important parameters for reactions

Coulomb barrier height
ZQMQHéZ

target

1.2(A)B3 +AMB )

eam target

V.(MeV) ~ 1.44

T>Ve

T<V.

V(MeV)

A. Wuosmaa
Classical deflection equation:

= 1
Ob) =n— 219{ dr
nin r2\/ 1 —bIn?: =V, (HN/E <— V,,(»)=V.()+ V,.(n,E=m?/2

L=7FXp =rpsing =bp
For experiment we can only choose: L conserved for fixed b
 a AL = gb = (ps — p)b = gR on surface
Target, Beam, Energy, and Polarization
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Types of Nuclear Reactions

e Elastic scattering: A+B—A+B
(no energy exchange)
¢ Inelastic scattering: A+B—A+B*
(energy exchange, no mass or charge exchange)
e Transfer of one or more nucleons x: (A=C+x)+B—C+(D=B+x)
(mass and/or charge exchange)
e Breakup/knockout: A+B—B+C+D
(projectile breaks due to interaction with the target)
e Compound nuclear reaction: A+B—-C*—=D+E
(formation of a short lived intermediate nucleus)

e Radiative capture: A+B—C+y

(projectile captured by target, de-excitation via photon)
e Photo-disintegration: C+y—A+B
(inverse of radiative capture)

e Fission: A + B—»C+D+ x neutrons
(A typically neutron; B e.g. U, Pu; C,D heavy fragments)
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Nuclear Reaction Timescale

Higher impact parameter

Peripheral | Central
~direct compound
shape elastic Inelastic nucleus
scattering scattering scattering
pr———— g b — e —

same particle leaving

n»1

-1

3rd nth

no collision | collision | collision |collision collision
other particles leaving
shape elastic direct compound
. . 4>
scatterin reaction
9 ) compound ““C'f?us
10 S nucleus reaction

1072Y,..107 145

Image credit: R.J. Blin-Stoyle, Nuclear and particle physics
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Reaction Types: Impact Parameter vs Energy

Impact Parameter —
(fm) projectile

A
impact  target
Peripheral Coulomb elastic and inelastic scattering — _f_rf‘_”l‘ft_e_r_O

(long range interaction V=1/r)

Proton elastic

Antioroton  D€ep inelastic scattering , , ,
annirF\)iIation Multi-nucleon transfer / inelastic scattering
Surface (#*‘"<’/—; O — Direct
(=1.2 A3fm) [~ - Few-nucleon transfem
| N uasifree

scattering

Incomplete fusion

Fusion

Central

Coulomb barrier  Fermi energy

' : =
1 10 100 100

Incident Energy (MeV/nucleon)
A. Obertelli / Euroschool on Exotic Beams 2016

0

punodwon
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What do we measure in a reaction experiment?

Our instruments measure Energy and Time
of the beam components, reaction products, y/X-rays,...

— Particle identification (PID) of beam/products (dE/dx, ToF,...),
Energy levels of the states involveq,...

We know the positions and coverage of our instruments
relative to the beam and the target
— Kinematics, angular distributions, ...

We count the amount of these interactions with known efficiencies
— Probabilities of the reactions, cross sections, branching ratios, ...

One can polarize the beam or the target
— Spin orientation, spin dependence of reaction cross section

See Tony Ahn’s lectures for the techniques how
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Cross sections

Most reaction experiments measure a cross section in some form
(probability of a reaction taking place) e.g. some of these

doc do d*c

c o) oF)

dQ  dE  JEJO

Differential cross sections

Shape and angular distribution of cross section:
— information about reaction mechanism (theory!)

— properties of residual nuclei: size, shape, spins and parities of levels,...

Integrated cross sections

Energy dependence:

— information about reaction mechanism (theory!)
— identify resonances

Unit is “barn”: 1 barn = 10-24 cmz2, millibarn = 10-27 cm?2 very common

‘Just for fun, some have referred to the microbarn as an outhouse,
but you'll probably never find that in a peer-reviewed publication.”

S. Golafarb & K. Anthony, Nature Physics 15, 414 (2019). \Who can get i into LaTeX?!
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Differential cross section: Experiment meets Theory

This we can measure
at given angle and incident energy

do , do
i — %S [ —
7,9 7,9
This has the reaction model

This has the nuclear structure: from your favorite /most applicable

theoretical description
C2: a statistical factor (Glebsch-Gordan coetf.),

omitted in some textis

S: spectroscopic factor

Most common unit: mbarn/sr = 1027 cm?2/sr ki/sr?

EBSS2019 / Oak Ridge TN June 27, 2019 A. Saastamoinen AJM



How to measure: Differential cross section

Detector / spectrometer

(0, 9)
A B det . area

dQ = — = —
d?  distance?

[sr]

»
ot
.
.
.
.

“
.
.
A
.
.
A
.
.
“
o s ot
* ’ .
.
3
.
A
.
.
A
.
.
“
. *

Target Unreacted beam

Integrated counts from

/ detector / spectrometer
do _ N Detected(g’ ¢)
ds2 NBeam - N Target * € ° ds

exp

g

’ Detector / spectrometer efficiency [unitless]
Integrated beam particles & solid angle / acceptance [sr]

Non-overlapping target atoms in target per unit area [1/cm?2]
(careful with composite targets!)

EBSS2019 / Oak Ridge TN June 27, 2019 A. Saastamoinen AJM



About exotic beam reaction kinematics

Traditionally reaction experiments done with
light projectile on heavier stable target — “normal kinematics”

Most of the exotic beam reaction experiments done with
a projectile on typically much lighter target — “inverse kinematics”

— Energy - angle systematics are quite different
and need to be careful in coordinate transformations
between the laboratory and center of mass frames

(a)

do 1+ }/2 + 2ycos0,,, . do / S T | )

—_— —_ . —_— . =YV V . . , o ! v

Q). |1+ ycost,, | ao V= Vems!Vejectite 7" \ ___________________ i
ub cms cms S N T N Z:

(b) AN, Catford, LNP879, 67 (2014)

Good reads on topic, e.g. :
W. Catford, LNP879, 67 (2014),
J.S. Winfield et al., NIM A 396, 147 (1997)

Fig. 3.10 Velocity addition diagrams (a) for a typical pickup reaction such as (p,d) or (d, t), and
(b) for a typical stripping reaction such as (d, p). Certain assumptions about the beam energy and
the reaction Q-value are described in the text
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Reaction Kinematics: Useful Tools for Experimentalist

e LISE++ program by O. Tarasov et al.
(includes a relativistic kinematics calculator)

http://lise.nscl.msu.edu/lise.html
O.Tarasov, D.Bazin, NIM B 266, 4657 (2008).
D.Bazin, O.Tarasov, M.Lewitowicz, O.Sorlin, NIM A 482 307 (2002).

e CATKIN by W. Catford
(Relativistic 2 body kinematics in Excel):
http://personal.ph.surrey.ac.uk/~phsiwc/kinematics/

e Two-Body Kinematics Calculator and Plotter by S. Sjue:

e NPTOOL by A. Matta et al. (GEANT4/ROQOT simulation / analysis
framework, has e.g. kinematics plotting in ROOT command line)

http://nptool.org/
A. Matta et al., J. Phys. G 43, 045113 (2016).
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http://lise.nscl.msu.edu/lise.html
http://personal.ph.surrey.ac.uk/~phs1wc/kinematics/
http://skisickness.com/2010/04/relativistic-kinematics-calculator/
http://nptool.org/

Example: E3z vs B3cm line for d(28Si,p)29Si @ 10MeV/u

Reaction's Kinematics
Zgi+ H=>H+¥si H(Si, 'H)®Si; Reaction atthe ‘middle” ofthe target
Projectile Energy atthe reaction place: 9.98 MeViu Grazing angle: CMS=8.50 deg; Lab=524 deg
Qreaction :6.25 MeV (Excitations 0.0+0.0==0.0+0.0) Plotted Energyoption is "afterreaction™

H H ...[A CM & A lab — = A_CM & E_lab
Two-Body Kinematics Calculator and Plotter [ Kincrmatics calatsior GeRIIEEE] i
This script generates plots and tables representing products of nuclear reactions, along with elastic and inelastic scattering processes using relativistic kinematics. Enter the particles or nuclei involved, the kinetic energy of e r R s r—  Neuton - Gemma \\
the projectile, any excitation energy of the products and select the desired output. The plots and tables created will be shown at the bottom of the page. = TWOBODY B(A.CID
reaction : o
Patticipants - 1 —_
Enter Isotopes (AEl) or Masses (AMU or MeV). Isotopes should be of form 1H, 4He, 160 ... etc, case insensitive; n, p, d, t, h, 8, g, e (or e-) and e+ are also accepted as shorthand for neutron, proton, deuteron, triton, 3He, [”E\a EEC“a"W‘ E(CM) = 16.75 MeV. §
alpha, gamma, electron and positron. Shorthand is also available for particles via pi+, pi-, pi0, tho+, rho-, tho0, k+, k-, kO, mu, mu+, mu-, tau, tau+ and tau-. More could be added by request. Isotope masses are taken - o nergy > 5 <
B(4,C=A)D=8 [ [z - ([ ToowevA N
from the table of atomic masses, mass.mas114, with Zm, subtracted. SCATTERING B( ) A _ Beam 2851 | -21.48 0 Beam energy = || 10.0 MeV/u E .
B T t I 2H 1314 0 Intensity = I 1pn& ©
Please note: the notation has been changed so that m; has the kinetic energy. For an explanation of the calculations, see Relativistic Reaction Kinematics o . [Ersae| J | ensy- | = = =
- g Taiget thickness = | [Te-1 ma/emz a8
e ] [ERIREa] o | N
Projectile (m;): 2es AEl © AMU  MeV -»m;=26053.18600326 MeV o c* _Fragment [[1H 7 0 TR Z) g .
Target (my): o AEl © AMU  MeV -»m,=1875.61277883 MeV D _Fesiel |J72ssi Jrars” [ oot O opl= 00 & Exc +62MeV i] u = \\
. A = .
Ejectile (m3): » El  AMU © MeV -m3=938.27199964 MeV et J ~_
. [5 A =
Recoil (mq): |zes El  AMU © MeV --m4=26984.27774703 MeV " ENTRANCE of thetarget @ MIDDLE of thetargst " EXIT of the target ‘ S~
. -, ——_—_ Y .
Projectile Energy: 2e0 MeV © kinetic  total “Setup = o o) s o w o i - = = \k;\%
) ragmen residual E 5 5 E
Ejectile Excitation Energy: MeV SoreEE e e Anglo of ' [CMS.dea]
Recoil Excitation Energy: MeV =1 from 0 degrees and up) w=,1_ - - Aiab 8 Eab
s s|
Plot Abscissa (x-axis): 63 64 ©83cm  €os(B3aecm) E3 Es vy vq  d3/dQm  da/dQem o]l s0deciesghrd domy h=[ 2 o 2 & T
Plot Ordinate (y-axis): 63 ~ 64 ~B3cm ~cos(Bacm) ©F3 Ea vi vq dQ3/dQm  du/dkm - For Kinematics Plots use energy values el e} o el \\
=) .
Express angles in: ©degrees  radians & after reaction Angle (deg)= | 31226 | 2644 50 130 AN
X min, x max: @ S R fragment (C) residual (D) fragment (€] residual (D) 5 N
y min, y max: _ Calculations | LaB | CM E L \\
T Kinematics plot = \
Plot Width: pixels , Font Size: 21 pt B Krensicspois | Countingin monitor = [ 863e+0 | 1.74e+3 pps 2 L
= £ 8 N
Number of Points: ln,  offCs converer Differential Cross Section= [ 230 | 4.55e+04 100 100 mb/sr 3 = S
Legend Font Size: - pt, Legend Vertical Displacement: 1 | % [ Dl Energy after reaction = [“57.585 | 8081 299 [0029  Mevir| | & AN
\ Eneray at the et |
Output: ©display PNG image ~ generate EPS file ~ generate PDF file (Monte Carlo) e octore= | 51584 | 804z MeV/u(* for gamma Mev]) | | & N
Include: — 285j4d-,p+295i, Ex(28Si)=280 MeV (check channels to keep them) X a2 ? ha Masimum Angle = | 18000 | 333 deg L
CALCULAT 7 p 15| .
caeane SoidAnge= [ 02 | 0187 [ o048 | %24  ms N Ny

" ] ] !
S detaTheta= [ 0673 | 0573 [ 0891 | 161  deg > —
5| —
wo-Bo inematics (webbpaage = S N -
s Angle of ™ [Lab-deg] =] Angle [Lab-deg]

Reaction summary for 285i+d—p+29Si, E,(28Si)=280 MeV

e The maximum p energy is 62.577 MeV. The minimum p energy is 3.802 MeV.
® The maximum 29Si energy is 282.447 MeV. The minimum 29Si energy is 223.672 MeV. The maximum 29Si angle is 3.32 degrees.

KE3 as a function of B¢m:

root [0] NPL::Reaction r("28Si(d,p)29Si@280")
root [1] r.GetKinematicLine3()->Draw("ac")

NPTOOL

70 T r . [

234 d—p+2Si, E,(25i)=280 MeV
60 | -

50 | g
40 | ]

30 | 3

E3 [MeV]

20 1

O 1 1 1 1 1 1 1 L
0 20 40 60 80 100 120 140 160 180

0.m [deg]

Be careful with how different programs expect inputs to get consistent results!

[ll[lllllllll

20 40 60 80 100 120 140 160 180
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Some experimental considerations

e Production of Exotic Beams
¢ |[ntensity needs for Reaction Experiments

e Systematic uncertainties
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Units of beam intensities

Typical notation for intensity (or flux) of exotic beams:
particles per second, pps, 1/s, Hz, AX/s

Primary beams are measured as electric current, A (C/s),
typically nA, uA, mA (better to use enA, euA, emA)

Often also “particle current”, expressed in “particle A”
pnA, puA (take out the beam charge state)

I

] . electric
particle —
charge state

Lojectric C/s 1] q:beam charge state,

I/
Intensity = = : = —
Y= beam charge q-e [ C s| e=elementary charge =1.602-10-1°C

— Integrated current (total charge) gives total amount of incident particles
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Most common production reactions

Isotope Separation On-Line (ISOL):

High energy, high power
p/e-/y beam
on heavy target

In-flight:

High energy, high power
heavy ion beam

on typically a Be target

fission
High energy: ~100 MeV...1 GeV/u
High power: up to MWatts!

(1 MeV * 1 uA = 1W) i

At lower energies (both ISOL and in-flight):
Fusion evaporation, few nucleon transfer, deep-inelastic / multi-nucleon transfer
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Production of Exotic Beams

(1soL ]} [in-flight) .

thin

primary beam from
driver accelerator
or reactor

835 solid separator P
gas ceII

- -
ion guide separator acceleration
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Main features of ISOL and in-flight

Isotope Separation On-Line:
- thick target, thin target+ solid catcher — slow release of products (up to seconds),
chemically selective, need to ionize products
- thin target or source + gas catcher — faster o< 0.1...10 ms, products extracted
typically as 1+ ion/molecule, chemically nonselective, but less efficient than thick catcher
- mass separator, charge state booster before reacceleration
— typically beam with little to none impurities
- most common post-accelerator is tandem / linac
— present facilities have availability of few MeV/u, soon up to ~10 MeV/u
— good quality beam after post-acceleration

In-flight:

- products emerge from target with similar energy as the primary beam (up to GeV/u)
— fast, depends on separator/spectrometer flight time, typical few us

- chemically nonselective (can produce whatever reaction allows)

- efficient (products very forward focused towards the separator)

- secondary beam has typically considerable amount of impurities,
energy/momentum spread, emittance

- tradeoffs between secondary beam energy, intensity, quality (can’t have it all!)
— for better beam quality need gas catcher, charge state booster,

post-accelerator: energies available few MeV/u, soon up to ~10 MeV/u
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Exotic Beam Intensity

Intensity of an Exotic Beam delivered to an experiment:
[=0c-F-N-€-€-€-€-€5-€c-€7 [1ls, pps]

O : production cross section [cm?2]
F . primary-beam intensity [1/s]

N: number production target nuclei [1/cm?]
€1: product release and transfer efficiency
€o2: Ion-source efficiency

3. efficiency due to radioactive decay losses
£4. fragment separator efficiency

es5. gas cell efficiency

€6. Mass separator efficiency

e7. post-acceleration efficiency

ISOL production part: €1-€3
Fragment separator: €4
Reaccelerated beams: e5-€7
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Exotic beam intensity requirement for an experiment?

How many counts per angle and how many incident energies are needed?

( ﬁ > _ N Detected (9’ ¢)

ds2 exp Npeam = N Target " € ° ds2

Nbeamz[ Idt, I:U‘F'N’Gl’62‘63'64-65-6’6.67
beamtime

N _ 5. & —d-p. & d: mass/unit area [g/cm2], d: thickness [cm],
target M M p: density [g/cm3], M: molar mass [g/mol],
Na: Avogadro’s number [1/mol]

e: detection efficiency — needs to be optimized
dQ): solid angle — maximize coverage

How thick target can be used?

(N
:”»

‘ l =3
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Exotic Beam Physics Reach

nuclear matter || nucleon-nucleon
1 GeVAI|= distribution correlations
S g nuclear giant astrophysical
D100 = eﬂizseelgce collective| | reactions t
O modes | | gSemb || NSLTON-
> . . proton
C 10 single particle oairing
— % low lying structure
> = Vi halo states .
> 1 MeV - T collectivity T
Q ok e.g. SHE
- N O astrophysical
i 100 3 solid state eactions
— phyS|CS (sub Coulomb)
+
10 _
precision standard model
1 keV masses L, @, 5<r> probes
3 6 9
1 10 10 10
Intensity (pps) P. Butler
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Intensity requirements for reaction experiments

LA ALL

3
10 "]‘."\ ["()']‘("'t“ (AR R AR R R AR AR R R R R RRRRRRRR Rl Rl Ll Ll L

and Decay T Fusion, Fission, Breakup, Coulex

102 l.]("‘lSllrpl‘)e"tb EE R R R R R AR R R R R R R R R R R R R R EEDEN,) .............:‘
s = Elastic, Inelastic Scattering +
10 -:§ §.‘...................................q.;
-e = Direct Reactions, Nucleon Transfer Z--,
3 1 E:.....:é......................................:; ...0..
. e - ‘%%
~ : = Coulomb Dissociation : ‘o,
D 101 — ;..oo.ooooooooooooooooooooooo.ooobool...o....!'..............:s
*e, = Radiative Capture = ‘%,
10 _ ."... E § "‘:
- .- Deepln lasti andM Itinucleon Transfers :
o Improved instruments and 2P inelastic and Multinu A
z experimentak techniques =
= i—.... E —
104’— ‘ - I InInnnmImmmmmmmImMmmTITI Y
T BETET B TIT . SR TITT BRTTTT BT T BT B TTTTT AR TTTT A TrTTT BT B rT .
1 o 102 10° 10* 10° 10° 10 10 10 10° 10" 10%

INTENSITY (particles / sec)
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Example: Requirements for transfers in inverse kinematics

K Wimmer 2018 J. Phys. G: Nucl. Part. Phys. 45 033002

Type of experiment I(pps) d(mgem %) o(E.) (keV)
Fragmentation beams:

Ejectile detection in spectrometer 10* 20 700
Silicon detector array for recoil 10* 10 600

Post-accelerated beams:

Silicon detector array for recoil 5 x 10 0.5 400
For high intensity beams 10° 0.1 200
With v-ray detection 10° 1.0 1

Magnetic spectrometer for recoil 5 x 10* 0.1 100

Active targets 10° 10 100
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Where do you want to do your experiment?

Facilities providing exotic beam for reactions

{% GANIL | GSI(FAIR)
= SPIRAL1(2)
| TRIUMF || ANL [Jan - CIAE | ot s

NSCL(FRIB) > ; _ 3
\ 24 EXOTIC] -
HIRFL | RIBF
ISOLDE ¢ (SPES) \. &/
d A [EXCYT , N
TAMU 0 |RCNP
M 20 -
: | \%"@:';:" ) c \":\_ |
RIBRAS ¢ @
| %
| ANU

ISOL or similar + re-acceleration| | In-flight| |(Under construction)

Note: Included only facilities with (radioactive/rare isotope/exotic) beams for reaction experiments. Some facilities may have
more than one way to make beams! There are a lot of other existing facilities with stable beams or very low-energy (keV)
exotic beams.
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Reaction Experiment Uncertainties

Statistical uncertainties: See e.g. IEEE Trans. Nucl. Sci. 43, 2501 (1996)
) ) uncertainty of Gaussian peak centroid: )

Mostly just how many counts one can get! o

For Poisson statistics: « /N var(xp) = —-

(assuming counting time separated independent events)

Systematic uncertainties:
Beam related:
e Energy/momentum spread

e Angular spread Beam characterization,

Target related:
* Target thickness, uniformity Target characterization,
* larget composition background measurements,
e Target orientation alianment

Detector related: ghment, ...
* Detector distance _ _
e Detector orientation Understanding the instruments,
e Detector efficiency simulations, alignment, ...

....and much much more, all specific for a given experiment!
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Example: Target thickness / uniformity

101-102 ug/cm2;
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Example: Setup allgnment

Transit: < 0.1 mm over
few tens of m (on single axis)

In not so distant future:

Reconstruct setup in 3D

with <1 mm precision

from photos taken

with an app? -
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Example: Detector orientation

TTT2 energy deposits - 50 MeV protons

> e
3 . 1112300 8*
< 2500 o Ly
(7] ) TIT2.500, 30
<
- 1
P
......... (L
1500 -, k l |
| N |
\ 1000} 1' | s
]
500 S
L\
\ | \
0'.- \. _.-'.}{/ ’ \\—_’.--._.--_.A‘-._‘\-..- ~ — R— _— .
0 500 1000 1500 2000 2500

Energy (keV)

o 3
7
. -
v
b |
" n
~ \~. ‘
N v I
kY ‘I = B
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Summary lecture 1

- few basics of reaction experiments
- different reaction types

- production of exotic beams and intensity
requirements for reaction experiments

- some experimental considerations

Lecture 2: Examples of reaction experiments
with different approaches
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