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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)

=0 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 jgder atomowych przez interpretacje liczby |
energii kwantow gamma (fotonow) emitowanych przez nie.

* Na wiagzce (on-line)

= bezposrednia obserwacja procesow wywotanych przez
zainicjowang reakcje jadrowa

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

* Pomiar impulsu elektrycznego:
= amplituda
= rzebieg 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 ,jednoczastkowe” — zwigzane z ruchem
jednego nukleonu;

widoczne zwitaszcza w obszarach, gdzie liczby
neutronow i protondw s3a bliskie liczbom
magicznym

daja sie opisac modelem powtokowym
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ROTACJA JADRA ATOMOWEGO




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 majq kszta’ft
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Ksztaity jader
atomowych

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

- B, deformacja oktupolowa (= gruszka)
« najczesciej wystepuje deformacja kwadrupolowa
R(0,¢)=R,(1+D ,,Y,,(0,9))
jesli uktad wspo’rrzednych obrocimy zgodnie z kierunkami osi gtbwnych,
tO a21 7 (12-1 7 O l 0'22 = 02-2

— dwa parametry do opisu ksztattu!

—BCOS(3 y)
oy, \fﬁsm(Sy)




Rotacje jader
atomowych

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

* Kwantowo: L2 ~ I(I+1)
Erot ~ [(1+1)/2J

% Charakterystyczny uktad poziomow:
symetria dopuszcza tylko spiny parzyste dla jgder
parzysto- parzystych. e 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(A/J|2+E C?\’O‘Au

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

‘ 2

=\ C,/B
N?: 2\ ‘I : 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 Welsskopfa

* Zredukowane * Jednostka Weisskopfa
prawdopodobienstwo miarg kolektywizmu.
przejscia o
elektormagneytcznego. * Typowe wartosci B(E2)

B(T/\, j1—"j2)~1/T * 1 W.u. - przejécie
miedzy stanmi

* Dla stanow jednoczastkowymi

__lednoczastkowych e

a zredukowane prawdopodobiefstwo przejécia dane jest przez ; *¥ 10-50 W.u. - przZejscia

2
Bu(ERs j1 = J2) = 5= QA+1) Gy 3 301j a1,

s ————

e, o kolektywne (np.
<A1V N 01 Yes2=1/(2A+1)  (3/(A+3) RN R=1.2 A% Zwigzane z rotacjg
(otmymwemy e T T —— Jad ra)

22 2
BW(EA) = (192) (_3_) A21/3e2(fm)22.’

-

4r \A+3

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

3

Bu(MA 10 1.2)24-2 “ A@a-2)/3 eh )z (fm)?*~2
= — =3l m .
M4 T (1.2) A+3 2Mc

i
o
é




Pomiary czasow zycia
stanow jadrowych

* Fast Timing
bezposredni pomiar zaniku aktywnosci (T>100ps) -

przy wykorzystaniu szybkich detektorow scyntylacyjnych
np. LaBr3

* metody wykorzystujgce efekt Dopplera (1>10 fs)

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

* Doppler Shift Attenuation Method (DSAM) — metoda
osfabienia przesuniecia Dopplera dla hamujgcych jgder
odrzutu




Fast [1Iming
Warsztaty miedzynarodowe
SR

Desislava :
Manuel Javier
% Ivanova :
Castaneda ‘ Melendez

—Napiorkowski_

N



experimental setup
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VWzbudzenia
Kulombowskie

* Wyznaczenie rozktadu fadunku we wzbudzonych stanach jadra
atomowego
mikroskop jadrowy

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

Al -|—A2 . le2

Erax(MeV) = 1.4
Ao BT A

(2.2)

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

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

The elusive pear shapes of certain nuclei, which are challenging to predict theoretically, have at last been measured
precisely. Two experts offer their views on what the results mean for nuclear physics and particle physics. SEE ARTICLE P199

THE PAPER IN BRIEF

@ Atomic nuclei are not only spherical, but
can be found in a variety of shapes — for
example, squashed or stretched spheres.
@ The existence of pear-shaped nuclei has
long been predicted, but although some
qualitative signatures of this nuclear shape
have been found, only sparse quantitative
information has been obtained.

Novel nuclear
antennas

C. J. (KIM) LISTER

t the centre of every atom lies a dense,

highly charged nucleus containing
99.999% of the atom’s mass. Although this
has been known for 100 years — since Ernest
Rutherford’s discovery of the nucleus — there
is still much that we do not understand about
nuclei and nuclear matter. Gaffney et al. have
improved our knowledge of nuclear struc-
ture by quantifying one specific and unusual
nuclear shape.

In an atom, the static external electric field
generated by the tiny central nuclear charge is
spherical, so the cloud of electrons that defines
its chemical and mechanical properties is
always spherical. The nucleus, however, is very
different. It generates its own binding field,
driven by the strong force that exists between

@ Using accelerated beams of heavy,
radioactive ions, Gaffney et al.! have studied
short-lived isotopes of radon and radium that
are expected to be pear-shaped, and found a
clear pear shape in the radium nucleus.

@ The results have ramifications both for

the understanding of nuclear structure and
for testing the standard model of particle
physics.

all of its constituent nucleons (neutrons and
protons). As such, nuclei have a much less
well-defined ‘centre’ Nuclei are easily polarized
away from spherical shapes (Fig. 1) — in fact,
more than one-third of all nuclei are bound
most tightly if they settle away from sphericity
and into elongated, axially symmetrical ‘rugby
ball’ shapes.

Quantum correlations between the
nucleons are expected occasionally to favour
more exotic shapes, such as pears, bananas
or pyramids, although few of these shapes
have been proven to exist in nature. These
special nuclei represent specific tests of such
correlations, so experimental verification
of exotic shapes allows a direct comparison
of theoretical models to data. Gaffney and
colleagues’ study was specifically aimed at
testing the octupole correlations that are pre-
dicted to lead to asymmetrical pear-shaped
nuclei. These particular correlations arise
only when a certain combination of quan-
tum states straddles the Fermi surface, the
boundary between states that are occupied by

particles and those that are empty. Excitation
of coherent correlated pairs of nucleons
between these states drives the whole nucleus
into a pear shape. Of all known nuclei, the iso-
topes of radon, radium, thorium and uranium
are predicted to have the strongest octupole
correlations of this type, leading to static pear
shapes as the most bound configuration.

Although the existence of pear-shaped
nuclei has been predicted for a long time?,
many of those anticipated to be the best
candidates do not occur as stable nuclei in
nature, so they have to be synthesized in a
nuclear reaction before study. Practically, the
nuclear charge distribution is a small rotat-
ing aerial, or antenna, so it radiates a spe-
cial pattern of electromagnetic radiation. A
pear-shaped antenna should emit enhanced
electric-dipole and electric-octupole radia-
tion patterns. In their study, Gaffney et al.
report a direct measurement of these radiation
patterns and their enhancement.

Their experiment is special: instead of
using nuclei from the world around us, the
authors tailor-made specific isotopes of
radon and radium in a preparatory nuclear
reaction. These special short-lived isotopes
were harvested, prepared for acceleration by
tearing off many of their electrons and then
accelerated to about 10% of the speed of light
as a beam of particles. The beams of heavy
radioactive nuclei can then be scattered off
thin metal foils to excite the antennas and
make them radiate. This is the technique of
Coulomb excitation — a purely electromag-
netic technique for probing nuclear shapes

Cclf

Figure 1 | Nuclear shapes. Nuclei can take several shapes, including a sphere (a), an oblate spheroid (b) and a prolate spheroid (c). Gaffney et al.' have observed

the more exotic pear shape (d).
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Studies of pear-shaped nuclei using
accelerated radioactive beams

L. P. Gaffney', P. A. Butler!, M. Scheck'?, A. B. Hayes®, F. Wenander®, M. Albers®, B. Bastin®, C. Bauer?, A. Blazhev®, S. Bonig?,
N. Bree’, J. Cederkill®, T. Chupp?, 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”!, J. Konki'?, M. Kowalczyk'4, Th, Kroll%, E. Kwan'®, R. Lutter'®, K. Moschner”,
P. Napiorkowski'4, J. Pakarinen®!?, M. Pfeiffer’, D. Radeck®, P. Reiter®, K. Reynders’, S. V. Rigby', L. M. Robledo, M. Rudigier®,
S.Sambi’, M. Seidlitz®, B. Siebeck®, T. Stora*, P. Thoele®, P. Van Du})Ipen7, M. J. Vermeulen'?, M. von Schmid?, D. Voulot*, N. Warr’,
K. Wimmer'®, K. Wrzosek-Lipska”'4, C. Y. Wu'® & M. Zielinska'**

There is strong circumstantial evidence that certain heavy, unstable atomic nuclei are ‘octupole deformed’, that is,
distorted into a pear shape. This contrasts with the more prevalent rugby-ball shape of nuclei with reflection-
symmetric, quadrupole deformations. The elusive octupole deformed nuclei are of importance for nuclear structure
theory, and also in searches for physics beyond the standard model; any measurable electric-dipole moment (a signature
of the latter) is expected to be amplified in such nuclei. Here we determine electric octupole transition strengths (a direct
measure of octupole correlations) for short-lived isotopes of radon and radium. Coulomb excitation experiments were
performed using accelerated beams of heavy, radioactive ions. 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 constrain suitable candidates for experimental studies of atomic electric-dipole
moments that might reveal extensions to the standard model.

The atomic nucleus is a many-body quantum system, and hence its
shape is determined by the number of nucleons present in the nucleus
and the interactions between them. For example, nuclei in their ground
state in which the proton and neutron shells are completely filled
(‘doubly magic’ nuclei) are spherical. If this configuration is excited,
or if more nucleons are added, the long-range correlations between
valence nucleons distort the shape from spherical symmetry and the
nucleus becomes deformed. In most of these cases, it is well established
that the shape assumed has quadrupole deformation with axial and
reflection symmetry; that is, the nucleus is shaped like a rugby ball
(prolate deformation) or as a discus (oblate deformation). For certain
combinations of protons and neutrons, there is also the theoretical
expectation that the shape of nuclei can assume octupole deformation,
corresponding to reflection asymmetry or a ‘pear-shape’ in the intrin-
sic frame, either in a dynamic way (octupole vibrations) or having a
static shape (permanent octupole deformation).

Octupole deformation and EDMs

Atoms with octupole-deformed nuclei are very important in the
search for permanent atomic electric-dipole moments (EDMs). The
observation of a non-zero EDM at the level of contemporary experi-
mental sensitivity would indicate time-reversal (T) or equivalently
charge-parity (CP) violation due to physics beyond the standard
model. In fact, experimental limits on EDMs provide important con-
straints on many proposed extensions to the standard model'. For a
neutral atom in its ground state, the Schiff moment (the electric-dipole

distribution weighted by radius squared®) is the lowest-order observ-
able nuclear moment. Octupole-deformed nuclei with odd nucleon
number A (= Z + N, see below) will have enhanced nuclear Schiff
moments owing to the presence of the large octupole collectivity (spa-
tial correlation between particle states) and the occurrence of nearly
degenerate parity doublets that naturally arise if the deformation is
static’>. Because a CP-violating Schiff moment induces a contribution
to the atomic EDM, the sensitivity of the EDM measurement to CP
violation over non-octupole-enhanced systems such as '*’Hg (ref. 2),
currently providing the most stringent limit for atoms, can be improved
by a factor of 100-1,000 (ref. 4). Essential in the interpretation of such
limits in terms of new physics is a detailed understanding of the struc-
ture of these nuclei. Experimental programmes are in place to measure
EDMs in atoms of odd-A Rn and Ra isotopes in the octupole region
(see for example, ref. 6) but so far there is little direct information on
octupole correlations in these nuclei.

Strong octupole correlations leading to pear shapes can arise when
nucleons near the Fermi surface occupy states of opposite parity with
orbital and total angular momentum differing by 3#. This condition is
met for proton number Z= 34, 56 and 88 and neutron number
N= 34, 56, 88 and 134. The largest array of evidence for reflection
asymmetry is seen at the values of Z =~ 88 and N =~ 134, where pheno-
mena such as interleaved positive- and negative-parity rotational bands
in even—even nuclei’, parity doublets in odd-mass nuclei®, and enhanced
electric-dipole (E1) transition moments’ have been observed. Many
theoretical approaches have been developed to describe the observed

!0liver Lodge Laboratory, University of Liverpool, Liverpool L69 7ZE, UK. 2Institut fiir Kernphysik, Technische Universitat Darmstadt, Darmstadt D-64289, Germany. *Department of Physics and Astronomy,
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Belgium. 8Department of Nuclear Physics, Lund University, Lund, PO Box 118, 221 00, Sweden. *Department of Physics, University of Michigan, Ann Arbor, Michigan 48104, USA. 19school of Physics &
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Table 2 | The values of the E2 and E3 intrinsic moments, Q;

Qi

Nucleus

208py, 2205 224p, 226R,

230 2327 234

Q2 (efm?) 179 + 4 (ref. 44) 434+ 14 632+ 10

717 + 3 (ref. 23)

900 = 6 (ref. 45) 932 + 5 (ref. 46) 1,047 + 5 (ref. 45)

03 (efm?) 2,100 =20 (ref. 44) 2,180+ 130 2,520 +90 2,890 + 80 (ref. 23) 2140 =100 (ref. 47) 1970+ 100 (ref. 48) 2,060 + 120 (ref. 47)

Values of Q; given here are derived from the matrix elements (see Fig. 3 legend) connecting the lowest-lying states in nuclei near Z = 88 and N = 134. The values for 2°Rn and ??Ra are taken from the present work.

momentum of the state and 7 is its parity. (For ***Ra the previously
measured value of 7, cannot be determined independently as the
2" — 0™ transition is contaminated with the Ra X-rays.) In both cases
the fitted matrix elements for the 2" — 0™ E2 transition (**°Rn) and
for the 47 — 27 E2 transition (***Ra) were found to agree, within the
experimental uncertainties, with the values obtained using the lifetime
measurements.

The measured E1, E2 and E3 matrix elements for **’Rn and ***Ra
are given in Table 1. The values of the intrinsic moments, Q;, are given
in Fig. 3. These are determined from the experimental values of the
reduced matrix element between two states having angular momenta
Tand I' induced to undergo a transition by the electromagnetic oper-
ator E/, <I'||EA||I>, assuming the validity of the rotational model*>.
Here /. = 1,2,3 refers to E1, E2, E3 respectively. For the E2 and E3 matrix
elements, the measured values are all consistent with the geo metric
predictions expected from a rotating, deformed distribution of electric
charge, although these data do not distinguish whether the negative-
parity states arise from the projection of a quadrupole-octupole de-
formed shape or from an octupole oscillation of a quadrupole shape®.
Table 2 compares the experimental values of Q; derived from the
matrix elements connecting the lowest states for nuclei near Z= 88
and N = 134 measured by Coulomb excitation. It is striking that while
the E2 moment increases by a factor of 6 between **Pb and ***U, the E3
moment changes by only 50% 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 onset of octupole
deformation inthis mass region. On the other hand, **’Rn has similar
octupole strength to 2°°Pb, 2*****Th and ?**U, consistent with it being
an octu pole vibrator. In the case of a vibrator, the coupling of an
octupole phonon to the ground state rotational band will give zero
values for matrix elements such as <1~ ||E3||4" >, because an aligned
octupole phonon would couple the 4 state toa 7~ state. Although the
present experiment does not have sensitivity to this quantity, this
effect has been observed for **Nd in the Z=~ 56, N~ 88 octupole
region®, while for **Ra the intrinsic moment derived from the
measured <1~ |[E3||4"> is similar to that derived from the value
of <0"||E3||37> (ref. 23). The deduced shapes of *’Rn and ***Ra
are presented in Fig. 4. Here the values of quadrupole and octupole

deformation 8, and f; were extracted from the dependence of the
measured Q, and Q; on the generalized nuclear shape™.

The conclusions drawn from the present measurements are also
consistent with suggestions from the systematic studies of energy
levels’ (relative alignment of the negative-parity band to the positive-
parity band) that the even—even isotopes '*~*’Rn and **’Ra have
vibrational behaviour while *>~>**Ra have octupole-deformed char-
acter (see figures 12 and 13 in ref. 7). For odd-mass *'°Ra there is no
evidence®® for parity doubling, whereas for **'Ra a parity doublet of
states with I = 5/2 separated by 103.6 keV has been observed®. In the
Ba-Nd region with Z =~ 56 and N =~ 88, where the octupole states arise
from vibrational coupling to the ground-state band, the evidence for
parity doubling of the ground state arising from reflection asymmetry
is inconclusive’*®. This suggests that the parity doubling condition
that leads to enhancement of the Schiff moment' is unlikely to be met
in >'®??'Rn. On the other hand *****°Ra, having parity doublets sepa-
rated by ~50keV (ref. 21), will have large enhancement of their Schiff
moments.

The values of Q;, deduced from the measured transition matrix
elements, are plotted in Fig. 5 as a function of N. The anomalously low
value of Q, for **Ra, measured here for the first time, has been noted
elsewhere”*. The measured Q, and Q, values are in good agreement
with recent theoretical calculations of the generator-coordinate exten-
sion of the Gogny Hartree-Fock-Bogoliubov (HFB) self-consistent
mean field theory', particularly using the D1M parameterization®.
However, as remarked earlier, the trend of the experimental data is
that the values of Qs decrease from a peak near *°Ra with decreasing
N (or A), which is in marked contrast to the predictions of the cluster
model calculations'. It is also at variance with the Gogny HFB mean-
field predictions of a maximum for 224Ra (ref. 16). It should be noted,
however, that relativistic mean field calculations' predict that the
maximum value of Q; occurs for radium isotopes between A = 226
and 230, depending on the parameterization, and Skyrme Hartree—
Fock calculations'® predict that *°Ra has the largest octupole defor-
mation. Both predictions are consistent with our data. We cannot
completely eliminate the possibility that there are unobserved coupl-
ings from the ground state to higher-lying 3~ states that should be
added (without energy weighting) to the observed coupling to the
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Figure 4 | Graphical representation of the shapes of *°Rn and ***Ra.
a, ?Rn; b, **Ra. Panel a depicts vibrational motion about symmetry between
the surface shown and the red outline, whereas b depicts static deformation in
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the intrinsic frame. Theoretical values of f3, are taken from ref. 10. The colour
scale, blue to red, represents the y-values of the surface. The nuclear shape does
not change under rotation about the z axis.




Podsumowanie

* Interpretacja energii obserwowanych kwantow
gamma pozwala na badanie:

% reakcji jadrowych
% struktury jader atomowych

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




