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» Today (Tuesday — July 29)
= Basics of Gamma-Rays
= Practical Aspects — detection etc.

* Types of detectors
* Characterizing detectors
* Tracking detectors

* Wednesday — July 30

o Experiments with gamma-rays
* Fast beams (Knockout, Coulex, etc.)
* Low-energy beams (Coulex, g-factors, etc.)
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OVERVIEW (I)

* Gamma rays and nuclear structure — the big picture
 Gamma radiation

o Characteristics properties — what we measure

s Selection rules
* Multipolarity, lifetimes and isomerism...

o Learning more
- Angular distributions, polarization, etc...
e Gamma-Ray Detection
s Basic principles: scintillators and semi-conductors
o Performance parameters
= Advanced gamma-ray detectors systems
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QUESTION WE FORGOT...

* Have you had a nuclear structure graduate course?
(A) Yes
(B) No
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NUCLEAR EXCITATIONS

* Nuclear structure refers, predominantly, to
the excitation modes of a nucleus — the
details of which we summarize in level

schemes
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NUCLEAR EXCITATIONS

* Nuclear structure refers, predominantly, to
the excitation modes of a nucleus — the

details of which we summarize in level

schemes

» Excitations above the ground state
exist for some finite period of time

and then decay to some
lower energy =
configuration ™
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DOMINANT EXCITED STATE DECAY.

 Excited states in nuclei can decay in a number of
Ways:
s 3*, 3, electron capture (EC) -- 1/7Lu™

Particle emission --23Co™, 211pgm

Fission 23°Puym

Internal conversion

Gamma-ray emission

O

O

O

O
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DOMINANT EXCITED STATE DECAY.

 Excited states in nuclei can decay in a number of
ways:

B, 3, electron capture (EC) -- *//Lu™

Particle emission --23Co™, 211pgm

O

O

O

O

O

Fission 23°Puym

Internal conversion
Gamma-ray emission

Q Nuclear properties from gamma-ray studies

m}

m]

m}

m]

Coincidence relation — Level schemes

Angular distribution/correlation — Multipolarity, spin
Doppler shifts — excited state lifetimes

Linear polarization — E/M, parity

Intensity of transitions — B(E\)
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SO NUCLEAR STRUCTURE STUDIES....

Level Schemes Contain Structural Information
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SELECTION RULES

) E, E,=F;, - E;
‘Ji—Jf‘ SLSJi—I—Jf

5 (L) An(EL) = (—1)~

Ar(ML) = (=1)"*!
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SELECTION RULES

5T E; E,=FL; — Ly

i —Jf| KL< Ji+ Jy
E, (L) Arm(EL) = (-1)*
Ar(ML) = (=1)"*!

The transition probability for at state decaying by transition of multipole order L is:

8m(L + 1) <E7

L) = 3+ D2 \he

2L+1
) BOAL : J; — Jy)

EBSS2014 - HLC



SELECTION RULES

5T E; E,=FL; — Ly

i —Jf| KL< Ji+ Jy
E, (L) Arm(EL) = (-1
Ar(ML) = (=1)"*!

The transition probability for at state decaying by transition of multipole order L is:

8m(L+ 1) E, 2L+1 |
AL((2L + 1)!1)2 ( hc) B(AL : J; — Jy) %

Reduced matrix element —i.e.

1 2
57, 11 (V|| E2||3)

Tyi(AL) =

B(E2 cJp — .]f) —
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SELECTION RULES

5T E; E,=FL; — Ly

i —Jf| KL< Ji+ Jy
E, (L) Arm(EL) = (-1)*
Ar(ML) = (=1)"*!

The transition probability for at state decaying by transition of multipole order L is:

s(L +1) E, 2L+1
T (AL) = B(AL : J;, — J
HOD = s () & Y
\‘ Reduced matrix element —i.e.
\\\ Weisskopf estimates 1 2
B(E2: Ji = J5) = 57— (sl E2l[¢i)

v
T(F1) = 1.03 x 10**A*3E? o
T(M2) = 2.24 x 10" AY?E3
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LIFETIMES AND GAMMA DECAY

» The bulk of electromagnetic (gamma) transitions have
lifetimes of 10> — 1013 s
o Explains why excited states primarily undergo gamma

decay (compare to beta-decay lifetimes ~ ms, or alpha
decay ~ s)
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LIFETIMES AND GAMMA DECAY

» The bulk of electromagnetic (gamma) transitions have
ifetimes of 101> — 1013 s

o Explains why excited states primarily undergo gamma
decay (compare to beta-decay lifetimes ~ ms, or alpha
decay ~ s)

» Occasionally longer lifetimes are observed, i.e. ns or
longer — Isomerism

= |[somers arise for many reasons
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LIFETIMES AND GAMMA DECAY

» The bulk of electromagnetic (gamma) transitions have
ifetimes of 101> — 1013 s

o Explains why excited states primarily undergo gamma
decay (compare to beta-decay lifetimes ~ ms, or alpha
decay ~ s)

» Occasionally longer lifetimes are observed, i.e. ns or
longer — Isomerism

= |[somers arise for many reasons

8m(L + 1) E,
hL((2L + 1)!1)2 (%

2L+1
Ts(\L) = ) BAL: J; — Jy)

EBSS2014 - HLC



LIFETIMES AND GAMMA DECAY

» The bulk of electromagnetic (gamma) transitions have
ifetimes of 101> — 1013 s

o Explains why excited states primarily undergo gamma
decay (compare to beta-decay lifetimes ~ ms, or alpha
decay ~ s)

» Occasionally longer lifetimes are observed, i.e. ns or
longer — Isomerism

= |somers arise for many reasons
8m(L+ 1) (E

T (L)
ri(AL) ~ L(( @1” he
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LIFETIMES AND GAMMA DECAY

» The bulk of electromagnetic (gamma) transitions have
ifetimes of 101> — 1013 s

o Explains why excited states primarily undergo gamma
decay (compare to beta-decay lifetimes ~ ms, or alpha
decay ~ s)

» Occasionally longer lifetimes are observed, i.e. ns or
longer — Isomerism

= |[somers arise for many reasons

 8w(L+1) 2t |
T(\L) = 3 LRl + DI @ BAL: J; — Jy)
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LIFETIMES AND GAMMA DECAY

» The bulk of electromagnetic (gamma) transitions have
ifetimes of 101> — 1013 s

o Explains why excited states primarily undergo gamma
decay (compare to beta-decay lifetimes ~ ms, or alpha
decay ~ s)

» Occasionally longer lifetimes are observed, i.e. ns or
longer — Isomerism

= |[somers arise for many reasons

8m(L + 1) E,
hL((2L + 1)!1)2 (E

2L+1
Ts(\L) = ) BO\L: J; — Jy)
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QUESTION!

« What would you expect to be the dominant character
of the gamma-ray transition linking the second O*
excited state at 1.06 MeV in 32Mg with the ground
state (O*)?
) E

B

M

) M
) E
D) No gamma transition

(A
(
(
(
(E) M
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QUESTION!

« What would you expect to be the dominant character
of the gamma-ray transition linking the second O*
excited state at 1.06 MeV in 32Mg with the ground
state (0*)7
(A) E1
(B) M2

2

) E
Q:No gamma transition

) M1
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QUESTION!

« What would you expect to be the dominant character
of the gamma-ray transition linking the second O*
excited state at 1.06 MeV in 3?Mg with the ground
state (0*)7

(A) E1
(B) M2 o
(C) E2

@Nogamma @ ¢
(E) M1 w/\

Gamma rays must carry at least one h of angular
momentum — cannot link two 0+ states

When gamma transition is not possible, internal
conversion is an alternative electromagnetic transition.
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PROPERTIES OF GAMMA DECAY

* Energies — spacing between nuclear levels
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PROPERTIES OF GAMMA DECAY

* Energies — spacing between nuclear levels

» Lifetimes — information about transition probabilities, links to
nuclear matrix elements (structure!)
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PROPERTIES OF GAMMA DECAY

* Energies — spacing between nuclear levels

» Lifetimes — information about transition probabilities, links to
nuclear matrix elements (structure!)

* Intensities — experiment dependent — generally relates to
transition probabilities (branching ratios)

BR, BR,

1" E,

Y1 V2
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PROPERTIES OF GAMMA DECAY

* Energies — spacing between nuclear levels
» Lifetimes — information about transition probabilities, links to
nuclear matrix elements (structure!)

* Intensities — experiment dependent — generally relates to
transition probabilities (branching ratios)

» Knowledge of J, and J; limit the multipolarity (L) of gamma-ray
transitions
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PROPERTIES OF GAMMA DECAY

* Energies — spacing between nuclear levels
» Lifetimes — information about transition probabilities, links to
nuclear matrix elements (structure!)

* Intensities — experiment dependent — generally relates to
transition probabilities (branching ratios)

» Knowledge of J, and J; limit the multipolarity (L) of gamma-ray
transitions

» To measure multipole order (L) we can measure angular
distributions

» To determine E vs. M we need to measure polarization of the
transition
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GAMMA-RAY ANGULAR DISTRIBUTIONS

* Angular distribution of a gamma-ray depends on the values of
m; and m;

0 100 200 300 400
0 (Degrees)
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GAMMA-RAY ANGULAR DISTRIBUTIONS

* Angular distribution of a gamma-ray depends on the values of
m; and m;

mi:‘l mi:O mi::l'

Ji=1
m, =0 m=+1
<in20 1 + cos?f
N )
=1
= >OOO<
\V4 v v =0 0 100 200 300 400
f- O (Degrees)
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GAMMA-RAY ANGULAR DISTRIBUTIONS

« If we produce unequal populations p(m.) angular distributions
W(0) will be non-constant

Nuclear Orientation

EBSS2014 - HLC



GAMMA-RAY ANGULAR CORRELATIONS

» Observation of a previous radiation selects an unequal mixture
of populations p(m,)

J=0
T
¥ =1
V>
¥ =0 * First gamma defines z-axis -- 6, =0

* p(m,)=0form_ =0
* Distribution of , relative to v, is
m=£t1-—-m=0
* W(0) x 1+ cos?f

EBSS2014 - HLC



POLARIZATION

Electromagnetic Wave
<4— Magnetic Field (B)

Electric —
Field (E)

"3°T B+
'''''''

Propagation
\ ~ Dlgegtlon
Wavelength (A) eee .

« Remember —gamma rays are light,

and have electric and magnetic
components

Gamma-rays can be emitted with a
specific orientation of their electric
field vector with respect to some axis
— this alignment can give us insight
into the E vs. M nature of the
transition

The scattering of a gamma-ray via
the Compton interaction is sensitive
to the polarization of gammas...
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QUESTION!

* We set up an angular correlation measurement to study the
cascade of gamma-rays shown below with two detectors at
90° with respect to each other. What will see in detector 1 if

we require
(i) 300 keV transition in detector 2, or
(ii) no requirement for detector 27

(A) (i) 500 keV peak, (ii) 300 & 500 keV peaks
(B) (i) 500 keV peak, (ii) 300 & 500 keV peaks
(C) (i) No peaks, (ii) 500 keV peak

(D) (i) 500 keV peak, (ii) 500 keV peak

(E) (i) No peaks, (ii) 300 and 500 keV peaks

J=0
500 keV

J=1

300 keV

B J=0

@

By




QUESTION!

* We set up an angular correlation measurement to study the
cascade of gamma-rays shown below with two detectors at
90° with respect to each other. What will see in detector 1 if

we require £00 key =0
(i) 300 keV transition in detector 2, or J=1
(i) no requirement for detector 2? 300 keV/

Y J=0
(A) (i) 300 & 500 keV peaks, (ii) 300 & 500 keV peaks
< (B) (i) 500 keV peak, (ii) 300 & 500 keV peake>

(C) (i) No peaks, (i) 500 keV peak

(D) (i) 500 keV peak, (ii) 500 keV peak

(E) (i) No peaks, (ii) 300 and 500 keV peaks @

Y
The 500 keV peak will be at it’s lowest intensity, but 1+cos?6 does k

not vanish completely anywhere.




INTERACTION OF GAMMA-RAYS WITH MATTER

Photo effect

E ' Compton scattering Atomic

electron

Iincident
gamma

E
A photoelectron 1s ejected

carrying the complete  Photoelectron
gamma-ray energy (- binding)

Elastic scattering of a v

gamma ray off a free electron. Scattered
A fraction of the gamma-ray gamma
energy is transferred to the Compton electron

Pair production

- ' 2
Nuclous If gamma-ray energy is >>2 m_c

(electron rest mass 511 keV), a
positron- POsitron-electron can be formed in
Sl the strong Coulomb field of a nucleus.
This pair carries the gamma-ray

energy minus 2 m_c?.
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GAMMA-RAY INTERACTIONS WITH MATTER

: Germanium
10 l'otal
—_ Photoelectric
- 1
= ‘ Complon
5 10 oIl
Fey ) Pair Production
'§ 10
£
b=
y 10
=
R S
—— " R S
= =3 —_—-":-_’_
= 10
e
< 10
—
o} -3
8 10
s
-4
10
| 10 10° 10°

Photon Energy (keV)

1o

Photoelectric: ~ Z%>, E 35
Compton: ~ Z, E 1
Pair production: ~ Z?, increase with E,
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GAMMA-RAY INTERACTIONS WITH MATTER

Germanium
I u" \ Fotal
: Photoelectric 100 keV . 3 I\/IeV
10 Complon .
’ N Pair Prodoction gamma-ray energies are
10 typical in nuclear

structure studies —
Compton scattering
dominates!

Linear Attenuation Coefficient (cm™!)

3 3 4

| 10 107 10 10
Photon Energy (keV)

Photoelectric: ~ Z%>, E 35
Compton: ~ Z, E 1
Pair production: ~ Z?, increase with E,
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COMPTON SCATTERING: MORE DETAILS

E
Compton formula: E' =

E

1+ 5
m,C

(1 —cos9)

8e-030

The angle dependence of Compton
scattering is expressed by the
Klein-Nishina Formula

As shown in the plot forward scattering
(6 small) is dominant for E>100keV

180

dafN(e) 51+ cos? 8 1 14 hv?(1 — cosf)?
= r
ds) 0 2 [1+ hv(1 — cos6)]? (1+ cos?6)[1 + hv(l — cosb)]
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COMPTON SCATTERING AND POLARIZATION

do r2 E.N2/E] | Ey ? i
2 e A s SUE, _CO¢ (D)
df) 2 (E'y Ly Y e

Cothon Sca i

ttering plane 1 it HHH
ALY

I'n Il||

s

Scatterer

Absorber 1

_)
E : Electric field vVector
Target 7. .
g - 8’ R 4 React:on Plane
—) J C
0 L

on scattering Plane
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GAMMA-RAY SPECTRA — GENERAL FEATURES

Photoelectric
absorption

Compton
scattering

Escaping multiply scattered

gamma ray
Photoelectric
production absorption
Single escaping
annihtlation photon
Full—
Double energy
aN escape peak
dE peak
———
| A

(hv—ige?) ] hv FE
Multiple

Compton
events
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QUESTION!

* What does peak (2) in the cartoon gamma-ray
spectrum correspond to?
(A) Backscatter peak
(B) (n,7) reaction on detector nuclei
(C) x-ray peak from internal conversion
(D) Second escape peak
(E) Photopeak

\A @ ,A
o -
’/
— ,._-"‘
o Sq— — ——

Il
I
I
I\
I
I
Il
|1
I
[
I
L1

s —— — —— — — ——

| I
~ 0.2 0.511 MeV =
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QUESTION!

* What does peak (2) in the cartoon gamma-ray
spectrum correspond to? ) 2
(Backscatter peak > V=10 g - —— =256 keV
(B) (n,7y) reaction on detector nuclei
(C) x-ray peak from internal conversion
(D) Second escape peak
(E) Photopeak

A @ i
o -
’/
— —_."‘
o Sq— — ——

I

]

I ) .
I { |
|1

Il

|| .
!
]

| L1

.
~ 0.2 0.511 MeV I

s —— — —— — — ——
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GAMMA-RAY SPECTRA — GENERAL FEATURES

Photoelectric absorption
Characteristic
X—ray

® ==Y
Compton
scattering

Source @ Detector

&’
¢ Annihilation
Pair _ .
orod. e photons

dE @ I
X~ray I
peak Backscatter peak .
® "
A hil & |'|
Annihilation -
[ @ peak “’/’ | '||
o |
Sl b | I
I |1
I
| |1
I /|
| 1
| 1 | 11
~ 0.2 0.511 MeV E
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GAMMA-RAY DETECTION: BASIC PRINCIPLES

* Fundamentally, we can detect a gamma-ray if it can leave
energy in our detector that we can collect

* Gamma-rays primarily interact with electrons — most detectors

therefore high Z

* Methods for measuring energy transferred to electrons vary...
but we worry about 3 basic performance parameters:

* Energy resolution
* Efficiency

the peak

* Peak-to-total (P/T) — probability that a
detected gamma-ray actually makes it into

EBSS2014 - HLC




SCINTILLATORS

Scintillator crystal

High efficiency ~ 40%

Intrinsic energy resolution

determined by statistics of

photoelectrons in the PMT
— for scintillators,
resolutions ~ 6-7%

104
- 75

81 50
>
[5)
-
00 - 25
- 6
—_
S
S -0
= 4 200 600 1000 1400
: Energy (keV)
g
(@]
@

0 200 400 600 800 1000 1200 1400
Energy (keV)
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PoISSON (COUNTING) STATISTICS

» Binomial distribution — Roll a dice ntimes, what is the
probability for rolling a 6 x times?
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PoISSON (COUNTING) STATISTICS

» Binomial distribution — Roll a dice ntimes, what is the
probability for rolling a 6 x times?
n!

Pla) =g —pmr 4 -pn""

(z)y=mp  o°=np(l—Dp)
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PoISSON (COUNTING) STATISTICS

» Binomial distribution — Roll a dice ntimes, what is the
probability for rolling a 6 x times?

n!
P(z) =

(n — a:)!:z:!p (1=p)"

(z)y=mp  o°=np(l—Dp)

e Poisson distribution — Roll a 100-sided dice 1000
times, how many times do you get a 67
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PoISSON (COUNTING) STATISTICS

» Binomial distribution — Roll a dice ntimes, what is the
probability for rolling a 6 x times?

n!
P(z) =

(n — a:)!:z:!p (1=p)"

(z)y=mp  o°=np(l—Dp)

e Poisson distribution — Roll a 100-sided dice 1000
times, how many times do you get a 67

(p)*e P

" (x) =np 0% =np — o = /()

P(x) =
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PoISSON (COUNTING) STATISTICS

» Binomial distribution — Roll a dice ntimes, what is the
probability for rolling a 6 x times?

n!
P(z) =

(n — a:)!:z:!p (1=p)"

(z)y=mp  o°=np(l—Dp)

e Poisson distribution — Roll a 100-sided dice 1000
times, how many times do you get a 67

n)Te—Pn
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RESOLUTION IN SCINTILLATORS

» Energetic particle traveling through a detector (i.e.
electron from gamma-ray interaction). Per length
traveled dx, this particle may produce scintillation
photon, which may make it to the photo-cathode, be
converted to a photo-electron and contribute to a
signal

* Csl(Tl) yields 39,000 photons / 1 MeV gamma

* Light collection + PMT efficiency = 15%

* 6000 photons collected on average -- o0 = V6000 = 77
* FWHM =180 — dE/E = 3%
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SEMI-CONDUCTORS

» Semiconductors like HPGe provide a gold standard for

gamma-ray energy resolution

* Energy required to excite electron into the conduction

band ~ 3 eV, many more electron-hole pairs than
photons for a scintillator

conduction band

0.7 eV

valence band

EBSS2014 - HLC




ENERGY RESOLUTION IN HPGe

5

)

» Energy resolution for Ge
is ~ order of magnitude
better than scintillators

» SO0 what are the
downsides?
= Very expensive (> $10K)
= Smaller than scintillator
crystals usually
= Require cooling (LN,)

= Slower response (timing
Ge 5-10ns;
scintillator << 1 ns)

EBSS2014 - HLC



COMPTON SUPPRESSION

p
*\f"w P/T = 20%

A
a )
s
»\f-.w P/T = 60%
"\ J j Veto
% J

Compton suppressor

Eliminate Eliminate contribution
from Compton-scattered gamma-

rays

, which contribute to

background, by vetoing these
events using a high-efficiency
scintillator surrounding the Ge
crystal

Counts

Background from
Compton Scattering

|

Full-energy
photo-peaks
|

1 |

T ’ I ) ] T L T ¥ T
8000+ -
6000 ’ Unsuppressed \ : ‘ |
4000+ A o R | L
2000 _‘ Suppressed 1

r\/"}wﬁw,’w L". /
0 ' T J T ] I 4 T v T L4 1 !
0 200 400 600 800 1000 1200

Energy (keV)
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TIMELINE OF y-RAY SPECTROSCOPY

:
£ . . . 1
o T 1963 Spectroscopic history of 1°°Dy
Vo] Morinaga & Gugelot
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== '
310%t 1973
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2.103.. o N (ct, 4n)
sl l o v | 2xGe(Li)
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%) 1978 o=
= Ward et al. | ]
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Neton | Pg e \ .
L S 6o Beoted | Pocecn \;
44103.. S . 1988 g \ Asgrrect
" @ Riley et al. = sl } §
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Energy (keV)
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TIMELINE OF y-RAY SPECTROSCOPY

o
[3)]
<1998

Yrast Sequence
in 196Dy
(Intensity 2% 0t = 1)

—
Q
>

Ge Shell

&Tracking G

106

Year

>
e
£ 103} Gammasphere
3 2 @ Euroball 7
c )
2 o - - —104
0 101 . O *
8™ /
™ 100 Compton- 7
10 20 30 40 50 60 Suppression
i) & HPGe —{102
Discovery of
Radioactivity / ]
Small Arrays
: Ge(Li) —100
Geiger-Muller
Absorbers : Nai | |
1900 1925 1950 1975 2000 2025

Gamma-Ray Resolving Power
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BENCHMARK: RESOLVING POWER
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GAMMA-RAY ENERGY TRACKING ARRAY

» Compton Suppressed Ge » Ge Sphere » Gamma Ray Tracking

N =100 N = 1000 (summing) N =100
NQe=0.1 NQe=0.6 N e=0.6
Efficiency limited Too many detectors Segmentation

L Build a 4t sphere of Ge, using highly-segmented detectors
Gamma-ray tracking allows rejection of Compton scattering events,
Signal decomposition allows sub-segment position resolution

EBSS2014 - HLC



GRETA will be a 4rt solid sphere of HPGe,
composed of 120 individual crystals, housed
as quads

Array will be self-shielding, signal
decomposition and tracking allows for
Compton rejection, and sub-segment first-hit
localization for Doppler correction

y-ray

EBSS2014 - HLC




GRETINA: % oF GRETA (SORT OF)

* GRETINA is the first-stage of GRETA,
an array covering % of 4m, consisting
of 28 individual crystals in 7 quads

* Something to consider: % of a full
HPGe sphere is no longer self-
shielding

Construction started at LBL in 2005
Commissioning runs at LBL finished in
March, 2012

EBSS2014 - HLC



SIGNAL DECOMPOSITION

Principle: The movement of charge in a given
segment induces a signal on the electrodes of
neighbouring segments. The shape of this induced
signal is sensitive to the spatial position of the y-ray

N interaction point.
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ADAPTIVE GRID SEARCH

Adaptive Grid
Search algorithm:

Start on a course
grid, to roughly
localize the
interactions, then

refine the grid close
by.

Pristine basis (set of
signals at grid
points) is calculated
based on
simulation;
measurements are
made to correct for
effects such as
segment cross-talk,
etc.

Charge

Amplitude

-0.4

0.7
0.6
0.5
0.4
0.3
0.2
0.1

-0.1

Basis Signals

Y [cm]

Y [cm]

11 1 1 I L1 1 | I L1 1 1 I 11 1 1
0 100 200 300 400
Time [ns]

INPUT
3 -
C e
= / Segment 1
=2 /" Segment6
: / -~
3 //
EI 11 1 I__I I_‘_I_I I__-I‘I 11 I 11
0 100 200 300

Time [ns]

2.5

1.5

0.5

-0.5

Segment 1

Segment 6
2 3
X [cm]
Segment 1

Segment 6

2 3
X [cm]

Interactions

Grid Sizes

A=8 mm
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ADAPTIVE GRID SEARCH

40 Selgment F2
Adaptive Grid [ ST

Segment D2 g
Search algorithm: B e HE = I
grid, to roughly 8 5 R = = = I
ocaize the opimE R =
interactions, then o 111113V I = = = '
refine the grid close sl 1iiiitilLENE =t = =

by, NI EEEEEE

-
-
-
-

0 10 20 30 40 50 60 70 80 90
Segment C5

Pristine basis (set of
signals at grid
points) is calculated
based on
simulation;
measurements are
made to correct for
effects such as
segment cross-talk,

Segment C3 Segment C2
etc.
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TRACKING: CLUSTERING

First step in tracking is to find clusters of interaction points which likely belong to a
single y-ray scattering in the detector — based on opening angle into the Ge shell

"World Map" showing interaction pts. in Ge shell

. (25 coincident y-rays, E = 1.33 MeV) Ge Shell

150.0

100.0

. Origin

Any two points with
0 < Op are grouped
oo into the same

-200.0 -100.0 0.0 100.0 200.0 C| uster

¢-sin®




COMPTON TRACKING

E,
1
E.=E,|l-—
1+—"—(1-cosh)
0.511
Assume:
* Enge1+Ee2+Ee3
Problem: 31=6 possible sequences * y-ray from the source

¢ angle of next point

8¢ angle calculated fromE y andE .

x? =Z( 0 — 0c)?

Sequence with the minimum x?< 2.,
‘&“ —> correct scattering sequence

— rejects Compton and wrong direction

— Low-energy single interaction point y-rays don’t track
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SO WHAT Do WE GET FROM GRETINA?

« GRETINA (GRETA) provides us the benefits of Ge resolution,
the background reduction of suppression and the maximum
efficiency by allowing the most detector material to be in place
= More resolving power than any previous array

* Do we gain anything else?
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DOPPLER CORRECTION

Moving nucleus

y-ray detector

N 4

Broadening of detected gamma-ray energy

due to:
» Spread in speed AV

« Distribution in direction of velocity A 6,

 Detector opening angle A 8,

FWHM/Ey (%)

Doppler shift

V2
[-—

1.5

1.0

0.5

0 C
E =FE
Y A V4
1-—cosf
C
2.0_ T T T T | =
Target
Position
: Intrinsio NG
0 50 100 150
0 (deg.)
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POLARIZATION IN GRETINA

“*Mg(p,p’g)**Mg, E =2.6and 6 MeV
P(2* M=0) ~ 100% P(M=1) ~ few %

"~/ Polarization plane :
Compton scattering plane

= %
/
/
/ Scattered

Reaction / photon
plane y

l 2 (EN\*[E, E
g(19,«,9) = 7‘0 ( 7) [E'Y - E7 — 2sin? l?C‘OSQx,’)]
Y v
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POLARIZATION IN GRETINA

?4Mg Eg=1.37MeV
°0Co Eg=1.33MeV

0 Angle (Channels)
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POLARIZATION IN GRETINA

Angular distribution tracked

Normalzed intensity
o o

(o]

4 A, =0.53(2) A,= -0.36(4)
; ) P(90)=0.96
0 41) — 6|0 — 8|0 — 1(;0 — 12|0 — 110

Angle (degrees) 0
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POLARIZATION IN GRETINA

[ _,' Polarization plane

! polarized photon

Compton scattering plane
q’f
7 BN L
/
/

’Q&
qu Scattered
&/ Reaction photon 285
§ plane B
§ A — 5
= ot
= =
°
N
= 8
€
o
(o]
Pz
75
6.5

—

IIII|IIII|IIII|IIII|IIII|IIII|IIII|

0 50 100 150 200 250 300 350

Angle (degrees) ¢
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SUMMARY (OF PART I)

* What should you take home:

O

Gamma spectroscopy can provide important details about
nuclear levels — energy separations, spin information, etc.
Detectors for gamma spectroscopy are of two main types —
scintillators and Ge

Counting statistics largely determine the resolution of
gamma-spectrometers

Next generation spectrometers (GRETA) provide
unparalleled performance (resolving power) and may open
new experimental opportunities
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Questions?
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CARVING OUT TINY INTENSITIES

Camit

“e

eIt S

Couris w2

B I ~— 4-old comncidences

00~ TR 383 = vu 3 t o .
l s c m o cemyeEe A practitioner’s example
| | o2 G |
kJ h W '&L ) H ~ 1 o
., il el Y Vet ”rwl»d‘;’ o, '&Wl\@ﬁ Recipe:

1o . -
il 3-fold coincidences Measure high-fold coincidences (F)
o JI : | 2 energy gates

and apply (F-1) gates on energies E;..E¢,

] ] |
Ll b ) o
NS LASUA A sy L1 DPYIODSE
pud] M asul Energy resolution helps (narrower gates)
i 2-fold coincidences Efficiency helps (more F-Fold coincidences)
P | | | 1 energy gate
s k J J | Question(s):
”{A | 3 L,U L by b How important is resolution compared to
== ““‘““J] efficiency?
& S Maybe something else important?
0 Why does the gating improve
o & "\ L ‘ } f peak-to-background (P/BG)?
Mf WAL ln\ﬁ‘h‘ ,j ‘ _”J'p ") A__i___ |
= o DII Lt ] e
" Eaerry (12V) - . SD band in '**Eu in NORDBALL (A. Atag et al., Nucl. Phys. A557 (1993) 109¢-)
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IMPROVING PEAK TO BACKGROUND

...using F-fold coincidences (here ‘matrix’: F=2

A
> 8E: “effective’ E-resolution
Y10 o o (AEqq and AEp )
If] - SE: average energy spacing
1 @ ® ®
OE L7H4°® L I } SE
- ® ® ®

El E2 E3 E4
Energy

= E,-E, coincidences go into peak (blue)
- “everything else™ spread over red area, as it
1sn’t coincident with any E_

E4

E3

E2

LEI
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IMPROVING PEAK TO BACKGROUND

...using F-fold coincidences (here ‘matrix: F=2)

El E2 E3 E4
Energy

This corresponds to “all measured gammas™
in the example “carving out tiny o .

energy
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IMPROVING PEAK TO BACKGROUND

...using F-fold coincidences (‘matrix’: F=2)

Energy

El E2 E3 EF4 g
O
Energy

No improvement in P/BG as peak and
BG intensities are reduced equally!

energy
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IMPROVING PEAK TO BACKGROUND

...using F-fold coincidences (‘matrix": F=2)

A

- o = o R
EIl E2 E3 FE4 & 1/3xP
Energy
Improvement of P/BG by factor SE/SE !!! ‘ ‘
BTW: Of course we would create a cut spectrum
for each E; and sum them up. This improves 1/3 X BG X SE/SE
statistics, BUT NOT P/BG. >
energy
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RESOLVING POWER

For fold F=1 the Peak-to-Background ratio for a branch with intensity a is aR.
(here, background means the background under the peak)

If we go to a higher fold F the Peak-to-Background ratio changes to aRF.
If N, is the total number of events, the amount of detected counts N in the peak 1s
N=aN,s" 1

(e: full-energy-peak efficiency of spectrometer)
Now, a minimum 1intensity @, is resolvable if

(IORF =1 () and N=100

The RESOLVING POWER is defined as

RP=1/0, ()
Taking (1), (2), and (3) leads to

RP = exp[In(Ny/N)/(1-In(g)/In(R))]
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RESOLVING POWER

...adding some ‘more’ understanding

On one hand:

As a = 1/RF , we can reach any small a
by making F large enough. 1.e. measure
sufficient high F-fold coincidences.
(red line 1in the plot)

On the other hand:

We have to measure the F-Fold coincidences
in reality. This imposes some constraints, ex-
pressed by a=(N/N,)/F or in words:

“Can you acquire enough F-fold coincidence
events in a reasonable time?”

Note: R>1, e<1
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