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THE(PLAN

•  Today((Tuesday(–(July(29)
▫  Basics(of(Gamma0Rays
▫  PracDcal(Aspects(–(detecDon(etc.
!  Types(of(detectors
!  Characterizing(detectors(
!  Tracking(detectors

• Wednesday(–(July(30
▫  Experiments(with(gamma0rays
!  Fast(beams((Knockout,(Coulex,(etc.)
!  Low0energy(beams((Coulex,(g0factors,(etc.)
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OVERVIEW((I)

•  Gamma(rays(and(nuclear(structure(–(the(big(picture
•  Gamma(radiaDon
▫  CharacterisDcs(properDes(–(what(we(measure
▫  SelecDon(rules
! MulDpolarity,(lifeDmes(and(isomerism…
▫  Learning(more
!  Angular(distribuDons,(polarizaDon,(etc…

•  Gamma0Ray(DetecDon
▫  Basic(principles:(scinDllators(and(semi0conductors
▫  Performance(parameters(
▫  Advanced(gamma0ray(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(excitaDon(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(excitaDon(modes(of(a(nucleus(–(the(
details(of(which(we(summarize(in(level(
schemes
•  ExcitaDons(above(the(ground(state((((((((((((
exist(for(some(finite(period(of(Dme(((((((((((((
and(then(decay(to(some((((((((((((((((((((((((((((
lower(energy((((((((((((((((((((((((((((((((((((((((((((((
configuraDon
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DOMINANT(EXCITED(STATE(DECAY

•  Excited(states(in(nuclei(can(decay(in(a(number(of(
ways:
▫  (¯+,(¯0,(electron(capture((EC)(00(177Lum

▫  ParDcle(emission((00(53Com,(211Pom

▫  Fission(239Pum

▫  Internal(conversion
▫  Gamma0ray(emission
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Nuclear(properDes(from(gamma0ray(studies
▫  Coincidence(relaDon(!(Level(schemes
▫  Angular(distribuDon/correlaDon(!(MulDpolarity,(spin
▫  Doppler(shiis(!(excited(state(lifeDmes
▫  Linear(polarizaDon(!(E/M,(parity
▫  Intensity(of(transiDons(!(B(E¸)



SO(NUCLEAR(STRUCTURE(STUDIES….
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Level(Schemes(Contain(Structural(InformaDon

Single(ParDcle(AlignmentCollecDve(RotaDon



SELECTION(RULES
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SELECTION(RULES
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LIFETIMES(AND(GAMMA(DECAY

•  The(bulk(of(electromagneDc((gamma)(transiDons(have(
lifeDmes(of(10015(–(10013(s
▫  Explains(why(excited(states(primarily(undergo(gamma(
decay((compare(to(beta0decay(lifeDmes(»(ms,(or(alpha(
decay(»(s)(
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QUESTION!

• What(would(you(expect(to(be(the(dominant(character(
of(the(gamma0ray(transiDon(linking(the(second(0+(
excited(state(at(1.06(MeV(in(32Mg(with(the(ground(
state((0+)?
(A)  E1
(B)  M2
(C)  E2
(D)  No(gamma(transiDon
(E)  M1
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QUESTION!

• What(would(you(expect(to(be(the(dominant(character(
of(the(gamma0ray(transiDon(linking(the(second(0+(
excited(state(at(1.06(MeV(in(32Mg(with(the(ground(
state((0+)?
(A)  E1
(B)  M2
(C)  E2
(D)  No(gamma
(E)  M1
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Gamma(rays(must(carry(at(least(one(~(of(angular(
momentum(–(cannot(link(two(0+(states
When(gamma(transiDon(is(not(possible,(internal(
conversion(is(an(alternaDve(electromagneDc(transiDon.



PROPERTIES(OF(GAMMA(DECAY

•  Energies(!(spacing(between(nuclear(levels
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PROPERTIES(OF(GAMMA(DECAY
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PROPERTIES(OF(GAMMA(DECAY

•  Energies(!(spacing(between(nuclear(levels
•  LifeDmes(!(informaDon(about(transiDon(probabiliDes,(links(to(
nuclear(matrix(elements((structure!)
•  IntensiDes(!(experiment&dependent&–(generally(relates(to(
transiDon(probabiliDes((branching(raDos)

•  Knowledge(of(Ji(and(Jf(limit(the(mulDpolarity((L)(of(gamma0ray(
transiDons
•  To(measure(mulDpole(order((L)(we(can(measure(angular(
distribuDons
•  To(determine(E(vs.(M(we(need(to(measure(polarizaDon(of(the(
transiDon
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GAMMA0RAY(ANGULAR(DISTRIBUTIONS

•  Angular(distribuDon(of(a(gamma0ray(depends(on(the(values(of(
mi(and(mf
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GAMMA0RAY(ANGULAR(DISTRIBUTIONS

•  If(we(produce(unequal(populaDons(p(mi)(angular(distribuDons(
W(µ)(will(be(non0constant

EBSS2014()(HLC(

Nuclear(OrientaDon(



GAMMA0RAY(ANGULAR(CORRELATIONS

•  ObservaDon(of(a(previous(radiaDon(selects(an(unequal(mixture(
of(populaDons(p(mi)
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Jm(=(1

Ji(=(0

Jf(=(0

°1

°2

µ 

•  First(gamma(defines(z0axis(00(θ1(=(0
•  p(mm)(=(0(for(mm(=(0

•  DistribuDon(of(°2(relaDve(to(°1(is(
m(=(±(1(!(m(=(0

•  W(µ)(/(1(+(cos2µ 




POLARIZATION

•  Remember(–(gamma(rays(are(light,(
and(have(electric(and(magneDc(
components
•  Gamma0rays(can(be(emiped(with(a(
specific(orientaDon(of(their(electric(
field(vector(with(respect(to(some(axis(
–(this(alignment(can(give((us(insight(
into(the(E(vs.(M(nature(of(the(
transiDon
•  The(scapering(of(a(gamma0ray(via(
the(Compton(interacDon(is(sensiDve(
to(the(polarizaDon(of(gammas…
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QUESTION!

•  We(set(up(an(angular(correlaDon(measurement(to(study(the(
cascade(of(gamma0rays(shown(below(with(two(detectors(at(
90±(with(respect(to(each(other.((What(will(see(in(detector(1(if(
we(require(
( (i)(300(keV(transiDon(in(detector(2,(or(
((((( (ii)(no(requirement(for(detector(2?

(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
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QUESTION!

•  We(set(up(an(angular(correlaDon(measurement(to(study(the(
cascade(of(gamma0rays(shown(below(with(two(detectors(at(
90±(with(respect(to(each(other.((What(will(see(in(detector(1(if(
we(require(
( (i)(300(keV(transiDon(in(detector(2,(or(
((((( (ii)(no(requirement(for(detector(2?

(A)  (i)(300(&(500(keV(peaks,((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(=(1

J(=(0

J(=(0

500(keV 

300(keV 

The(500(keV(peak(will(be(at(it’s(lowest(intensity,(but(1+cos2µ(does(
not(vanish(completely(anywhere.



INTERACTION(OF(GAMMA0RAYS(WITH(MATTER
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Photo effect 

Pair production 

Compton scattering 

A photoelectron is ejected 
carrying the complete 
gamma-ray energy (- binding) 

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

If gamma-ray energy is >> 2 moc2  
(electron rest mass 511 keV), a  
positron-electron can be formed in  
the strong Coulomb field of a nucleus. 
This pair carries the gamma-ray 
energy minus 2 moc2 . 



GAMMA0RAY(INTERACTIONS(WITH(MATTER
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Photoelectric:(»(Z405,(E°03.5
Compton:(»(Z,(E°01
Pair(producDon:(»(Z2,(increase(with(E° 



GAMMA0RAY(INTERACTIONS(WITH(MATTER
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100(keV(–(3(MeV(
gamma0ray(energies(are(

typical(in(nuclear(
structure(studies(!(
Compton(scapering(

dominates!

Photoelectric:(»(Z405,(E°03.5
Compton:(»(Z,(E°01
Pair(producDon:(»(Z2,(increase(with(E° 



COMPTON(SCATTERING:(MORE(DETAILS
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Compton(formula:

The(angle(dependence(of(Compton
scapering(is(expressed(by(the

Klein0Nishina(Formula
As(shown(in(the(plot(forward(scapering
(θ(small)(is(dominant(for(E>100keV



COMPTON(SCATTERING(AND(POLARIZATION
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GAMMA0RAY(SPECTRA(–(GENERAL(FEATURES
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QUESTION!

• What(does(peak((2)(in(the(cartoon(gamma0ray(
spectrum(correspond(to?
(A)  Backscaper(peak
(B)  (n,°)(reacDon(on(detector(nuclei
(C)  x0ray(peak(from(internal(conversion
(D)  Second(escape(peak
(E)  Photopeak
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GAMMA0RAY(SPECTRA(–(GENERAL(FEATURES
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GAMMA0RAY(DETECTION:(BASIC(PRINCIPLES

•  Fundamentally,(we(can(detect(a(gamma0ray(if(it(can(leave(
energy(in(our(detector(that(we(can(collect
•  Gamma0rays(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:

EBSS2014()(HLC(

•  Energy(resoluDon
•  Efficiency
•  Peak0to0total((P/T)(–(probability(that(a(
detected(gamma0ray(actually(makes(it(into(
the(peak



SCINTILLATORS
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ScinDllator(crystal

PhotomulDplier(
tube

(High(efficiency(»(40%(


Intrinsic(energy(resoluDon(
determined(by(staDsDcs(of(
photoelectrons(in(the(PMT(

–(for(scinDllators,(
resoluDons(»(607%



POISSON((COUNTING)(STATISTICS

•  Binomial(distribuDon(–(Roll(a(dice(n(Dmes,(what(is(the(
probability(for(rolling(a(6(x(Dmes?
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RESOLUTION(IN(SCINTILLATORS

•  EnergeDc(parDcle(traveling(through(a(detector((i.e.(
electron(from(gamma0ray(interacDon).((Per(length(
traveled(dx,(this(parDcle(may(produce(scinDllaDon(
photon,(which(may(make(it(to(the(photo0cathode,(be(
converted(to(a(photo0electron(and(contribute(to(a(
signal

!  CsI(Tl)(yields(39,000(photons(/(1(MeV(gamma
!  Light(collecDon(+(PMT(efficiency(=(15%
!  6000(photons(collected(on(average(00(¾(=(√6000(=(77
!  FWHM(=(180(!(dE/E(=(3%
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SEMI0CONDUCTORS

•  Semiconductors(like(HPGe(provide(a(gold(standard(for(
gamma0ray(energy(resoluDon
•  Energy(required(to(excite(electron(into(the(conducDon(
band(»(3(eV,(many(more(electron0hole(pairs(than(
photons(for(a(scinDllator

EBSS2014()(HLC(

- HV signal 

p n 

valence band 

conduction band 

0.7 eV ε=3 eV 



ENERGY(RESOLUTION(IN(HPGe

•  Energy(resoluDon(for(Ge(
is(»(order(of(magnitude(
beper(than(scinDllators

•  So(what(are(the(
downsides?
▫  Very(expensive((>($10K)
▫  Smaller(than(scinDllator(
crystals(usually
▫  Require(cooling((LN2)
▫  Slower(response((Dming(
Ge(5010ns;(((((((
scinDllator(<<(1(ns)
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COMPTON(SUPPRESSION

•  Eliminate(Eliminate(contribuDon(
from(Compton0scapered(gamma0
rays,(which(contribute(to(
background,(by(vetoing(these(
events(using(a(high0efficiency(
scinDllator(surrounding(the(Ge(
crystal

EBSS2014()(HLC(

P/T = 20% 

Compton'suppressor''

Veto 

P/T = 60% 



Spectroscopic*history*of*156Dy*

(((TIMELINE(OF(γ0RAY(SPECTROSCOPY
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(((TIMELINE(OF(γ0RAY(SPECTROSCOPY



BENCHMARK:(RESOLVING(POWER
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E1

E2

E3

E4“everything(
else”



N(=(100
NΩ(e(=(0.1

Efficiency(limited

Veto 

!Compton(Suppressed(Ge !Ge(Sphere !Gamma(Ray(Tracking

N(=(1000((summing)
NΩ(e(=(0.6

Too(many(detectors

N(=(100
NΩ(e(=(0.6

SegmentaDon

sum 

Build(a(4π(sphere(of(Ge,(using(highly0segmented(detectors
Gamma0ray(tracking(allows(rejecDon(of(Compton(scapering(events,
Signal(decomposiDon(allows(sub0segment(posiDon(resoluDon

(((GAMMA0RAY(ENERGY(TRACKING(ARRAY
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•  GRETA(will(be(a(4π(solid(sphere(of(HPGe,(
composed(of(120(individual(crystals,(housed(
as(quads

•  Array(will(be(self0shielding,(signal(
decomposiDon(and(tracking(allows(for(
Compton(rejecDon,(and(sub0segment(first0hit(
localizaDon(for(Doppler(correcDon

(((GRETA
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•  GRETINA(is(the(first0stage(of(GRETA,(
an(array(covering(¼(of(4π,(consisDng(
of(28(individual(crystals(in(7(quads

•  Something(to(consider:(¼(of(a(full(
HPGe(sphere(is(no(longer(self0
shielding

ConstrucDon(started(at(LBL(in(2005
Commissioning(runs(at(LBL(finished(in(

March,(2012

(((GRETINA:(¼(OF(GRETA((SORT(OF)
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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(sensiDve(to(the(spaDal(posiDon(of(the(γ0ray(

interacDon(point.

(((SIGNAL(DECOMPOSITION
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AdapDve(Grid(
Search(algorithm:

Start(on(a(course(
grid,(to(roughly(
localize(the(
interacDons,(then(
refine(the(grid(close(
by.

PrisDne(basis((set(of(
signals(at(grid(
points)(is(calculated(
based(on(
simulaDon;(
measurements(are(
made(to(correct(for(
effects(such(as(
segment(cross0talk,(
etc.

(((ADAPTIVE(GRID(SEARCH
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Start(on(a(course(
grid,(to(roughly(
localize(the(
interacDons,(then(
refine(the(grid(close(
by.

PrisDne(basis((set(of(
signals(at(grid(
points)(is(calculated(
based(on(
simulaDon;(
measurements(are(
made(to(correct(for(
effects(such(as(
segment(cross0talk,(
etc.

***ADAPTIVE*GRID*SEARCH*
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Any(two(points(with(
θ (<(θp(are(grouped

into(the(same(
cluster

First(step(in(tracking(is(to(find(clusters(of(interacDon(points(which(likely(belong(to(a(
single(γ0ray(scapering(in(the(detector(–(based(on(opening(angle(into(the(Ge(shell

(((TRACKING:(CLUSTERING
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Problem:(3!=6(possible(sequences

Assume:(
•  Eg(=(Ee1(+(E(e2(+(Ee3((
•  γ0ray(from(the(source

Sequence(with(the(minimum(χ2(<(χ2(max
→(correct(scapering(sequence
→(rejects(Compton(and(wrong(direcDon

€ 

Ee = Eγ 1−
1

1+
Eγ

0.511
1− cosθ( )

% 

& 

' 
' 
' 

( 

) 

* 
* 
* 

Eγ&

!(Low0energy(single(interacDon(point(γ0rays(don’t(track

(((COMPTON(TRACKING
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SO(WHAT(DO(WE(GET(FROM(GRETINA?

•  GRETINA((GRETA)(provides(us(the(benefits(of(Ge(resoluDon,(
the(background(reducDon(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

Broadening(of(detected(gamma0ray(energy(
due(to:
•  Spread(in(speed(¢(V
•  DistribuDon(in(direcDon(of(velocity(¢(θN
•  Detector(opening(angle(¢(θD

EBSS2014()(HLC(

Moving(nucleus

θ 

γ0ray(detector

V±ΔV 

ΔθΝ&

ΔθD 

€ 

Eγ = Eγ
0

1− V
2

c 2

1− V
c
cosθ

Doppler(shii



POLARIZATION(IN(GRETINA
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24Mg(p,p’g)24Mg,(((Ep(=(2.6(and(6((MeV
(P(2+,M=0)(»(100%(((P(M=1)(»(few(%



POLARIZATION(IN(GRETINA
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24Mg(Eg=1.37MeV
60Co((Eg=1.33MeV

µ(Angle((Channels)



POLARIZATION(IN(GRETINA
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A2(=(0.53(2)((A4=(()0.36(4)(

θ&

P(90)=(0.96(



POLARIZATION(IN(GRETINA
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ϕ&

Q(~(10(%



SUMMARY((OF(PART(I)

•  What(should(you(take(home:
▫  Gamma(spectroscopy(can(provide(important(details(about(
nuclear(levels(–(energy(separaDons,(spin(informaDon,(etc.
▫  Detectors(for(gamma(spectroscopy(are(of(two(main(types(–(
scinDllators(and(Ge(
▫  CounDng(staDsDcs(largely(determine(the(resoluDon(of(
gamma0spectrometers

▫  Next(generaDon(spectrometers((GRETA)(provide(
unparalleled(performance((resolving(power)(and(may(open(
new(experimental(opportuniDes
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QuesDons?

EBSS2014()(HLC(



EBSS2014()(HLC(



CARVING(OUT(TINY(INTENSITIES
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IMPROVING(PEAK(TO(BACKGROUND
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IMPROVING(PEAK(TO(BACKGROUND
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RESOLVING(POWER
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RESOLVING(POWER
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