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lerminologia

* Spektroskopia

= nauka o powstawaniu i interpretacji widm powstajgcych w wyniku
oddziatywan wszelkich rodzajow promieniowania na materie (Wikipedia)

= study of the absorption and emission of light and other radiation by
matter, as related to the dependence of these processes on the
wavelength of the radiation (Brittanica)

= t0 dziedzina nauki, ktora obejmuje metody badania materii przy
wykorzystaniu zjawiska promieniowania

* Widmo

= zarejestrowany obraz promieniowania roztozonego na poszczegolne
czestosci, dtugosci fal lub energie (Wikipedia).




lerminologii c.d.

* Spektroskopia gamma

= sztuka badania jader atomowych przez interpretacje liczby i
energii kwantow gamma (fotonow) emitowanych przez nie.

* Na wiagzce (on-line)

= bezposrednia obserwacja procesow wywotanych przez
zainicjowana reakcje jadrowa

= \v odroznieniu od spektroskopii off-line - badanie
promieniowania bedgcego nastepstwem procesow
zachodzacych w jadrze atomowym
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Eksperyment w fizyce
jadrowe]

* Pomiar impulsu elektrycznego:
=amplituda
= przebieg w czasie - Pulse Shape Analysis
* Oddziatywanie kwantu gamma z materig w detektorze:
= Energia kwantu gamma
= (Czas oddziatywania (w sensie tg a nie At)
= Miejsce oddziatywania (PSA)

* Stworzenie specyficznych warunkow emisji i rejestracji kwantow
gamma.
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Stany wzbudzone
jednoczastkowe

stany ,jednoczagstkowe” — zwigzane z ruchem
jednego nukleonu;

widoczne zwtaszcza W obszarach, gdzie liczby
neutrondw i protondw sa bliskie liczbom
magicznym

daja sie opisac modelem powtokowym
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Stany kolektywne

% stany kolektywne — zwigzane z ruchem catego
jadra powszechne w obszarach, gdzie liczba
protonow i/lub neutronow jest daleka od liczb
magicznych, a jadra atomowe maja kszta’rt
zdeformowany. | e
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Ksztatty jader
atomowycn

- opisksztatu  R(0,¢)=R,(1+DB,,Y
« istotne ksztatty:
- B, deformacja kwadrupolowa (= elipsoida trojosiowa)

- B, deformacja oktupolowa (= gruszka)
« najczesciej wystepuje deformacja kwadrupolowa
R(0,¢)=R,(1+D &, Y,,(0,0))
jesli uktad wspo’rrzednych obrocimy zgodnie z kierunkami osi gtbwnych,
tO (121 5 (12-1 % O l 0'22 = 02-2

— dwa parametry do opisu ksztattu!

—BCOS(3 y)
oy, \fﬁsm(Sy)




Rotacje jgaer
atomowych

% Klasycznie: energia obrotu bryty sztywnej
Erot:L2/2J

* Kwantowo: L2 ~ |(I1+1)
Erot ~ |(|+1)/2J

% Charakterystyczny uktad poziomow:
symetria dopuszcza tylko spiny parzyste dla jader
parzysto- parzystych. — 4
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Stany wibracyjne

R(0,$)=R,(1+D &, Y,,(0,9))
« parametry a, okre$lajg ksztatt jgdra atomowego
e rozwazajgc oscylacje jgdra jako drgania kropli cieczy dostajemy rOwnanie oscylatora:

| : 1
HOSC=EBA‘O(AM|2+E C?\’O‘Au

ktdrego rozwigzaniem jest szereg stanow odlegtych o hw, scharakteryzowanych liczbg
fononow N, :

‘ 2

=y C,/B
N?: 2\ ‘I w CA/ : 4+ 1330.83
\ / :hm 2+ 1216.07
wa: 1 0+ 1122.32
N
NT: 0 v
energia fononu: hw, moment pedu: A 2t 559.08

parzystosc¢ (-1)*

dla najpopularniejszych drgan
kwadrupolowych A =2

0+ 0.0

TE
3258,




Jednostka Weisskopfa

* Zredukowane
prawdopodobienstwo
przejscia
elektormagneytcznego.

B(T/\, j1—’j2)~1/T

% Dla stanow
__Jednoczagstkowych

R T

a zredukowane prawdopodobienstwo przejécia dane jest przez
2

By(ER: ju = j2) = = @A+1) Gy 40113 1 Galr 1.

ol ~N

< A+¥2,%2,\,01Y2,2>2=1/(2\+1)

otrzymujemy

L~A---~sw-~4-

Fe—— 1
¢
3

24 2

(3(

10 21-2 _3__)’ (u-z)/s(i)z 24-2
Bu(Mi) = — (1.2 (“_3 A o) ™

T~ ——

§

A
(3/(\+3) RY2 R=1.2 A%

* Jednostka Weisskopfa
miarg kolektywizmu.

* Typowe wartosci B(E2)

* 1 W.u. - przejscie
miedzy stanmi
jednoczgstkowymi

* 10-50 W.u. - przejscia
kolektywne (np.
ZWigzane z rotacjg
jadra)

A.Bohr, B.Mottelson, Struktura jgdra
atomowego, tom 1, Warszawa 1975




Pomiary czasow zycia
stanow jadrowych

* Fast Timing
bezposredni pomiar zaniku aktywnosci (T>100ps) -
przy wykorzystaniu szybkich detektorow scyntylacyjnych
np. LaBr3

* metody wykorzystujgce efekt Dopplera (T>10 fs)

% Recoll Distance Method (RDM)
metoda odlegtosci przelotu jader odrzutu

* Doppler Shift Attenuation Method (DSAM) — metoda
ostabienia przesuniecia Dopplera dla hamujacych jader
odrzutu




Fast [Iming
Warsztaty miedzynarodowe
SLCJ 2011

Desislava :
Manuel Javier
% Ivanova :
Castaneda ‘ Melendez

—Napiorkowski_

N



experimental setup
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* QOur results:
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Doppler Shift
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VWzbudzenia
Kulombowskie

* Wyznaczenie rozktadu tadunku we wzbudzonych stanach jadra
atomowego
mikroskop jadrowy

* Przy ograniczonej energii czastki padajacej (odlegtosc 5 fm
miedzy powierzchniami jadrowym) mozna zaniedbac sity jagdrowe
opisujgc proces formalizmem oddziatywania kulombowskiego

Al -|—A2 : le2

Erax(MeV) = 1.4
A s At AR

(2.2)

* obserwowane wzbudzenie zalezy silnie od kata rozproszenia,
liczb Z partnerow reakcji, deformaciji rozktadu tadunku jader (a
wiec struktury jader atomowych)
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Zliczenia

Zliczenia
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Deformacija

Quadrupole deformation (Left) oblate, 8 < 0 (Right) prolate, 5 > 0
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Exotic pear-shaped nuclei

The chasive pear shapes of cortain nuclel, which are challenging to predict theoretically, have at kst boen measured
precisely. Two experts offer their views on what the results mean for nockear phiysics and particle phiysics. Sex Axnces #1199

TIE PAPER N BRIEF
O Ao fraciel ire NOt only sphencal, but
be found in a vanety of shapes — for
e, sQuiahed Of streiched spheres
he exatence of pear-shaped nuchs has
ONR Deen precicied, Dut athough some
Quakiatyve ugraftunes of Thes nUCkar shagw
have been found, only sparse quantitative
irformabion has Deen obtaned

Novel nuclear
antennas
C.J.(KIM) LISTER

t the centre of every ssom lies a dense,
highly charged ns 2% comtaining
99.999% of the atom’s mass. Although this
Bas boen known &
Rutherford'’s discovery of the machous — there
il moch that we do not sadentand about

100 years — since Ernest

puacled and mechear matter. Gaffiney ef al. have
improved our knowledge of nuclear strug
ture by guantifying one specific and unussal
suclear shape
In am atom, the static external dectric field
generated by the tiny central nucleas charnge is
sphenkal. so the doud of dectrons that defines
s chemical and mechanical properties is
adways spherical. The nucleus, however, is very
ol. It generates its own binding field,

by the strong fo hat exists between
) 3

© Using accoelerated Do of Meavy
raSodctve o, Gattsey of al' have studed
short-ived sotopes of radon and radum that
e epeched 10 De pearshaped, and found a
chear pear shape In the adum nuciews.

© The resuits have ramifications both for

the undarstandng of ruciesr structure and
for testing the standard moded of paricle
PRy,

of its constitpent nocleons (neutrons and
protons). As sach, nuclei have a much lew
well defined ‘centre. Nodes are casly polaraed
away from spherical shapes (Fig, 1) — in face,
more than one-third of all nuchel are bound
most Lightly if they setthe away (roes sphericity
and into dongated, axially symanctrical rn,;hg
ball’ shapes

Quantum correlations between the
nucleons are expected occassonally 1o lavour
moee exotic shapes, sach as pears, basanas
or pyramids, althoug
have been proven to ex

few of these shapes
in nature, These
special nucles represent specific tests of such
correlations, so r\;‘(rl::.rl‘i{ verilkation
of exotic shapes allows a direct comparison
of theoeetical models to data. Gallney and
colleagues’ study was specifically aimed at
lesting the octapole correlations that are pre
dics cd 10 Jead to asymmetrical pear-shaped
nuckei. These particular correlations arise
only when a certain combination of quan
tam states straddles the Fermi s,
boundary betweoen states that are oc« ;-inl by

particles and those that are cmspty. Excitation
of coherent correlated pairs of nucleons
Between these states drives the whole sucioss
into a pear shape. Of all known nacled, the iso
theeium and uranium

octupoke

sopes of rado
are prodct
elatsons of this type, leading 10 static peas
shages as the most bound configuration
Although the existence of pear-shaped
nuclei has been predicted for a long t

many of those icipated 10 be the best

candidates do not occur as stable nuclei in

nature, o they have to be symthesized in a
raclear reaction befoee study, Practical
nuclear charge distribution is a small rotat
ng acn I, of astemna, so it radiates a s\pe
clal patterm of clectromagnetic radsation. A
pear-shaped antenna should cmnit enhasced
clectric-dipole and diectrc -octupole radia
tion patterns. Ia their study, Gaffoey er al
report a direc prement of these radiation
patierns and their enhancement
Iheir experiment is special: instead of
using nachel from the world arcund us, the
authors tailor-made specific isotopes of
radon and radsam in a preparatory nuchear
reaction, These special short-lived isctopes
were harvested, prepared for acceleration by
scaring off masny of their electrons and then
accelerated to about 10% of the speed of light
as & beam of particles. The beams of heavy
radioactive nuclel canm then be scattored off
thin metal foils 10 excite the amtennas and
p¢. This is the technique of
& purely electromag

netic technic probing nuclear shapes

0ol

H.;urvll\‘-.kard’upn Nockt can take several shapes, including 3 sphere (a), an ¢

the moee exatic pear shape (d

odd (b) and 2 poolate spherodd (<)

y ot ol have observed




ARTICLE

@oi:10. 300 nature 12073

Studies of pear-shaped nuclei using
accelerated radioactive beams

L. P. Gatfney’, P, A, Butler', M. Scheck', A, B, Hayes', F. Wenander®, M. Albers™, B, Bastin®, C, Bauer”, A. Blazhev”, S, B

N. Bree’, ). Cederkall®, T. Chupep”, D. Cline’, T. E. Cocolios®, T. Davinson', H. De Witte', J. Diriken™", T. Grahn"?, A. Herzan
M. Huyse', D.G. Jenkins"', D. T. Joss', N. Kesteloot™" | ). Konki™, M. Kowalczyk™, Th. Krall’, E. Kwan", R. Lunter'™, K. Moschner
P. Napiorkowski ') Pakarinen®, M. Pleitfer”, D. Radeck™, P. Reiter”, K. Reynders’. S, V Righn*, L. M, Robledo', M, Rudigier

S. Sambé’, M. Sedliez”®, B. Stebeck®, T. Stora®, P. Thx

' Van Duppen’, M. ). Vermeulen™, M. von Schmid?, D. Voulor*, N, Warr®,

K. Wimmmer'™, K. Wrzosek Lipska HOC Y. Wu't & M. Zickinska'!

There is strong circumstantial evidence that certain beavy, unstable atomic nuckd are ‘octupole deformed’, that is,
distorted into a pear shape, This contrasts with the more prevalent rugby-ball shape of nuclel with reflection
symmetric, quadrupole deformations. The elusive octupole deformed nuchel are of importance for nuclear structure
theory, and also in searches for physics beyond the standard model; any measurable edectric - dipole moment (a signature
of the latter) is expected to be amplified in such nuclel. Here we determine edectric octupole transition strengths (2 direct
measure of octupole correlations) for short -lived isotopes of radon and radium. Coulomb excitation experiments were
performed using accelerated beams of heavy, radicactive jons. Our data on ““Rn and “*Ra show clear evidence for
stronger octupole deformation in the latter. The results enable discrimination between differing theoretical approaches
to octupole correlations, and help to constraln sultable candidates for experimental studies of atomic electric-dipole
meoments that might reveal extensions to the standard model

The atomic nucleus is 3 many-body guastum system, and honce its
shape is determined by the number of nucleons presest in the nucleus
and the isteractions betwoen them, Foe example, suclal in their ground
state In which the protom and newtron shells are complesely filled
("doedly magic’ nucki) are spherical. If this configuration i excited,
or if more nucleons are added, the l(l".i rasge cornckations between
valence nucheons distort the shape from spherical symmetry and the
nuclems becomes deformed. In most of these cases, it is well extablished
that the shape assumed has quadrupole deformation with axial and
refloction symmctry; that is, the sacious b shaped bike 2 rughy ball
(prolate deformation) or as a discus (oblate deformation). For certain

t protoes and scetrons, there s also the theoretical

3

oxpectation that the shape of nuclel can assumw octupole Seformation,

correspoading to reflection asymmetry or a ‘pear-shape’ in the intrin
W frame, cither in a dynamic way (octupale vibratiosn) or having a

static shape (permanent octupole deformation)

Octupole deformation and EDMs

Atoms with octupole deformed nuclel are very imporant in the
swearch for permanent atomic clectric-&pole moments (EDMs), The
observation of a non-zero EDM at the level of contemporary experi
mental sensitivity woudd indicate time-revensal (T) or equivalently
charge-parity (CF) viclation dee 1o physics beyond the standard
model s lact, experisscatal ke on EDMs provide ispoctant con
straints on many proposed extensons to the standand mode Fora
neutral atom in its ground state, the Schiff moment (the electric dpole

distribution weghted by radies squarad”’) is the lowest-order obsery
able puciear moment. Octupole deformed nudel with odd nudleon
number A (= Z + N, see below) will have endbanced pucioar Schat
moments owing 10 the presence of the large octupole collectivity (spa
tial corrclation Betwoen partiche states) and the occurrence of mearly
degenerate parity doublets that naturally arise of the deformation Is
static” ', Because a CP-violating Schiff moment induces & contribution
10 the atomis EDM, the semsitivity of the EDM measurement to CP
violation ever non-ectupole cobanced systesms such as *H!_ (ref 2),
currently providing the most strimgent limit for atoms, can be improved
by a factor of 1001000 (ref. 4). Essential in the isterpretation of such
limrits in Sermn of new phywics is 3 detailod undentanding of the stnx
ture of these macied. Experimental programmes are in place 10 measure
EDMs in atoms of odd-A R and Ra botopes in the octapole region
(see for example, ref 6) but so far there & little direct information on
octupole correlations in these nucle

Strex R Oty ',vlr coreclations -:.)d.tr,g 10 pear shapes Can arise when
nucheoms neas the § a0e occupy states of opposite parity with
orbital and total angelar momentum differing by 34 This condition Is
met for proton number Z~ 34, 56 and 88 and ncutron number
N= 3, %6, 8% and 134, The largest array of evidence for reflection
asy ctry Is soem at the values of Z = 83 and N =~ 14, where pheno
mena such as imtericaved positive- and megative-parity retational bands
in even-even suclel, parity doublets in odd- mass ssaclel”, and enhanced
chectric-dipole (E1) tramsition moments” have been observed. Many
theoretical approaches have been developed to describe the observed

RESEARCH JCLLLIRAS

Table 2 ' The values of the £2 and £3 Intrinsic moments, Q,

momentum of the state and = Is its parity. (For “'Ra the previousdy
measured value of 1, cannot be determined independently as the
27 —» 0" transition Is contaminated with the Ra X rays) In both cases
the finted matrix elements for the 2° < 0" E2 tramition (““Rn) and
forthe d 2" B2 transition {***Ra) were found to agree, within the
experimental uncertaimtios, with the values obtained using the hfctione
ECavarernents

The measared E1, E2 and ES matrix dements for ““Rn and “'Ra
are given in Table 1. The values of the intrinaic moments, Q,, are given
n Bg. 3. These are determined from the experimental values of the
reduced matrix dement betwoen two states having angular momenta
Fand I' induced to undergo a transition by the electromagactic oper
ator B4, <1 [Ei| >, assuming the validity of the retational mode
Here 2 = 1 23 refers o E L E2, E3 respectively. For the E2 and E3 matrix
dements, the measured valoes are all consistent with the geo metr
prodictions expectad froms & rotating, deformed distribution of electric
charge, alhough these data do not distinguish whether the negative
parity states arise froms the projection of 3 guadrupole-octupole de
formed shape or from as octupole oscillation of a quadrupole shape™
Tablke 2 compares the experimental values of Q, dertved from the
aatrix clements commocting the lowest states for nuchkel neas 7 » 88
and N = 134 massured by Coulomb excitation. It Is stnking that while
the E2 moment increases by a factor of 6 betworn ™ Fhand | Jhe E3
moment changes by ondy S50% in the entire mass region. Nevertheless,
the larger Q, values for Ra and “Ra indicate an enhancement in
octupole collectivity that is consistent with an ocaset of octupole
deformation mthis mass seggon. On the other hand, ““Rn has similar
octupole strength 1o ", “MTh and U, consistent with it bong
an octu pole vibrator. In the case of a vibrator, the coupling of an
octupole phonon 10 the ground state rotational band will give xero
values for matrix clements sach as <17 |[E3/47 >, because an aligned
octupole phonon would couple the 47 state to a 7 state, Although the
present experiment does not have sensitivity %o this quastity, this
offect has boen observed for “Nd in the Z~ %, N~ 38 ot pok
regon”, while for ““Ra the istrinsic moment devived from the
measured <1 |[ESIH Is sidlar to that derived from the valoe
of <0 ||E313 .

are presented in Fig. 4. Here the values of quadrepole and octepole

ref, 23). The deduced shapes of ““Rn and *“Ra

7 0o
Figure 4 | Graphikal representation of the shapes of s and *“Ra.
A TR b TRa Paned o depicts vibestional metion sboul syssenctry between

the sarface horan and the red outhne, whereas b depicts ssatic deformation in

deformation §; and B, were extracted from the dependence of the
measared Q, and Q, on the generalined nuckear shape™

The conclusions drawn from the present messurements are also
comdstent with suggesions from the systemaltic o o of energy
(relative alignment of the negative parity band 10 the positive
“Rn and ““Ra have

o 212-229
vibrational behaviour while Ra have octupole deformad char
). For odd-mass *'"Ra there s no

bevels
party hand) that the even-even Isctopes *'*
acter (soe Sgures 12 and 13 in ref. 7
evidence™ for parity doubling, whereas for “'Ra a parity doublet of
states with [ = 5/2 separated by 1036 keV has been observed™. In the
Ba-Nd region with Z ~ 56 and N ~ 88, where the octupolic states arise
from vibeational coupling to the ground. state band, the evidence foe
panrty doubling of the ground state arising from reflection asymmetry
is incondaive’ This suggests that the parity doubling condition
that leads to enhancement of the Schiff moment'” Is unlikely to be met
in “"'Ra. On the other hand “Ra, having parity doublets scpe
rated by ~ 50 keV (ref. 21), will have large eobancement of their Schiff
maomenits
The values of Q;, doduced from the measered transithon matrix
clements, are plotted in Fig 5 as a function of N, The anomalously low
value of Q, for “'Ra, meswred here for the fiest time, has boen noted
clsewhere' e measured Q, and Q, values are in good agreement
with recent theoretical calculations of the generator-coordimate exlon
of the Gogny Hartree- Fock - Bogolisbov (HFB) self consistent
mean field theory', particularly using the DIM parameterization®
However, as remarked carlicr, the trend of the experimnental data s
that the values of Q decrease from a peak near ““Ra with decreasing
N {or A), which & in ssarked contrast to the prodiction of the chuster
moded calculatsons'. 1t s also at vartance with the Gogny HFE mean
fiekd peedictions of a maxis for “'Ra (ref, 16). M should be noted
however, that relativistic mean fleld calculations' peedict that the
maximem value of Q) occurs for radium hotopes between A = 226
and 230, depending o the parameterization, and Skyrme Hartree
Feck caloulations™ predict that ““"Ra has the largest octupole defor
mation. Both predictions are comaistent with our data. We cannot
complesely eliminate the possbility that there are unobserved coupd
ings from the ground state to Righer-lying 3 states that dbould be
added (without encrgy weighting) to the observed coupling 1o the

the intrinnk frame. Theoretical values of 1, are taken from ref. 10. The colour

scalle, Mo 10 red, represents the » vadoes of the serface. The noadiesr shape docs

pot Champe under rotation abosst the 7 aus




Podsumowanie

* Interpretacja energii obserwowanych kwantow
gamma pozwala na badanie:

% reakciji jgdrowych
% struktury jgader atomowych

* Bogactwo obserwowanych zjawisk i procesow
zalezy od naszej pomystowosci w projektowaniu
eksperymentow




