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1. INTRODUCTION AND OUTLINE 
Spin vibrations of the atomic nucleus have been studied intensively during 
recent years with the help of diverse reactions. The study of spin forces, 
which are based largely on the pion fields of the nucleons, gives us an insight 
into the magnetic properties of a nucleus. Spin vibrations are observed in 
charge-exchange reactions, inelastic proton and electron scattering, and 
nuclear resonance fluorescence experiments. Much new experimental data 
concerning spin-flip is 0 spin-flip transitions have been obtained during the 
past decade at modern accelerator laboratories, for example at the Indiana 
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34 BERG & KNEISSL 

University Cyclotron Facility (IUCF) in Bloomington, Institute de Phys
ique Nucleaire (IPN) in Orsay, the high-resolution electron scattering 
facility of the Technische Hochschule in Darmstadt, the high-duty-cycle 
electron accelerator of the University of Illinois in Urbana, and the pola
rized bremsstrahlung beam of the UniversWit Giessen. 

The giant Gamow-Teller resonance was discovered in (p,n) experiments 
ten years ago at the Michigan State University cyclotron ( 1 )  and has 
since been systematically studied at IUCF (2-4) with great success. A 
breakthrough for the investigation of spin-flip transitions with proton 
scattering was the experiments at very small scattering angles with 200-
MeV protons at Orsay (5). These experiments established the existence of 
the magnetic dipole resonance in heavy nuclei. 

Since the nucleon spin is associated with the magnetic moment of the 
nucleus, it can interact through the electromagnetic field. Therefore, pho
tons and electrons are two interesting probes for studying spin properties 
of nuclei. 

Even before the existence of the giant Gamow-Teller resonance was 
known, magnetic dipole transitions were being vigorously investigated via 
inelastic electron scattering, particularly 1800 electron scattering. Back
ward electron scattering is very selective for magnetic multi pole excitations. 
This field of nuclear physics was essentially initiated by Barber and col
laborators (6), followed by Fagg and collaborators, who opened up a new 
line of M 1 transition studies (7). Currently the backward-angle inelastic 
electron scattering experiments with superb energy resolution at Darm
stadt and Amsterdam provide much important data for the investigation 
of spin vibrations in nuclei (8-10). 

A new method to probe magnetic dipole excitations with real photons 
has been developed during the past five years at the University of Giessen 
linear electron accelerator ( 1 1). With the use of linearly polarized 
bremsstrahlung in nuclear resonance fluorescence experiments it became 
possible to determine transition probabilities, multi pole orders, and par
ities of dipole transitions to bound states in a completely model-inde
pendent manner and with the high accuracy of y-ray spectroscopy. 

Novel observations have been made as a result of studying spin-flip 
isospin-flip transitions, as discussed below. A completely surprising 
phenomenon, namely a collective MI mode, was discovered by Bohle et 
al ( 12). A powerful tool to investigate this mode, which does not involve 
spin-flip transitions but is purely orbital, is the combination of photon ( 1 3) 
and electron scattering data (14). 

This review article deals mainly with the investigation of the spin-flip 
and orbital MI  resonance, with the help of the electromagnetic interaction. 
Experiments with real photons are emphasized. In the following section the 
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Ml EXCITATIONS 35 

two different categories ofM I  transitions are summarized and connections 
between different reactions used to study M I transitions are pointed out. 
That section is followed by a short description of excitations induced by 
virtual and real photons at modern electron accelerators. Then the method 
of investigating MI excitations with nuclear resonance fluorescence is 
discussed in some detail and experimental results from that work are 
presented. Finally first conclusions from the current studies of the collective 
orbital MI mode are drawn and new prospects of experiments with real 
photons are given. 

2. CATEGORIES OF M1 EXCITATIONS 
The nuclear reactions treated here involve a simultaneous flipping of 
nucleon spins and isospins. This can be effected in the experiment by the 
hadronic or the electromagnetic interaction. Theoretical relations between 
cross sections of such different probes as electrons, nucleons, and pions 
were recently pointed out by Petrovich et al ( 1 5) .  The Hamilton operator 
for M I  transitions contains a spin and an orbital part: 

while the Gamow-Teller operator 

(gf-g�)iH 

1. 

2. 

has no orbital contribution. Spin-flip transitions will be excited by the at 
term and orbital excitations by the it term. In nature, excitations are 
usually not of pure spin-flip or orbital type but are dominated by one 
or the other. Under the kinematical conditions of the (p,n) and (p,p') 
investigations (2, 1 6) of the Gamow-Teller and the M I resonance, respec
tively, the V" term of the effective nucleon-nucleus interaction is dominant 
( 17). 

2.1 Spin-Flip Ml Excitations 

The relationship between M l ,  Gamow-Teller (p,n), and f3+ transitions is 
depicted in Figure 1 .  This example shows the different 1 + states, which 
can be reached via (y,y'), (p,p'), (e,e' ), (p,n), or (n:+ ,y). The initial ground
state spin and parity of26Mg are J'O = 0+; its ground-state isospin is To = 1 
and the third component in isospin space is Tb3) = 1. Absorption of mag
netic dipole radiation leads to 1 + states with isospin T = 1 and 2. The 
strength distribution between the two isospin components, calculated on 
simple geometrical grounds, is indicated in Figure 1 .  The M 1 resonance is 
located at about 10 MeV. The analog resonance can be reached by a (p,n) 
reaction. These states should be located at nearly the same excitation 
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Figure 1 Excitation of spin-flip isospin-flip 1 + states, differing only in isospin space. 

energies above the J" = 0+, T = I [1'3) 
= 0] isobaric analog state of the 

26Mg ground state in 26Al. The two T = I and 2 excitation regions of 1 +  
states in 26AI are shown with cross-hatching in Figure 1. The anti analog 
states of the M I  resonance in 26Mg, differing only in the isospin quantum 
numbers [T = 0, T(3) = 0] are expected to be in the low-energy range of 
the 26 Al level scheme, 

If neutron excess is high, as in heavy nuclei, it becomes obvious from 
the estimate of Gamow-Teller strength distribution among the analog and 
antianalog states that the antianalog resonance will mainly be populated 
in a (p,n) experiment. These antianalog 1 + states of the M l  resonance 
were the giant Gamow-Teller resonance discovered in (p,n) experiments 
at the Michigan State University cyclotron (I). Only light nuclei offer the 
chance to study the analog states of the M l  resonance, and by comparing 
B(M l)  values with (p,n) cross sections, it becomes possible to investigate 
the orbital part of the M I transition operator ( l 8�20). 

In Figure 2 is shown how the M l  resonance is revealed in a nuclear 
resonance fluorescence experiment. Peaks due to excitation of 1 + states 
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26Mg ("{;y') 
e = 1270 

Eo = 11.3 MeV 

10.0 
(MeV) 

l' 

10.5 

Figure 2 Nuclear resonance fluorescence spectrum from 26Mg, (The peaks are numbered in 
order.) The solid peaks stem from excitations of 1 + states. Because of the response of a 
Ge(Li) y-ray detector to monoenergetic high-energy y-rays, single- and double-escape peaks, 
labeled by one and two primes respectively. occur in addition to full-energy peaks. 

are marked. The (y,y') spectrum was recorded with bremsstrahlung of 
l1.3-MeV endpoint energy at a scattering angle of 1270• The parities of 
the dipole transitions observed were determined with polarized photons, 
as discussed below. 

Roughly the same energy region, but in 26AI as measured in a 
26Mg(p,n)26AI experiment, is depicted in Figure 3. Peaks whose angular 
distributions demonstrate that they belong to excitation of I + states (18) in 
26AI are marked too. In addition, B(MI)  values from the photon scattering 
experiment are plotted in Figure 3. The location of 1 + states in 26Mg and 
26Al as well as the distribution of transition strengths are in nice agreement. 

2.2 Orbital Collective M 1 Excitations 

Besides the spin-flip excitations discussed in the previous section, a new 
class of low-lying, collective Ml excitations has been predicted for 
deformed nuclei in different nuclear models. This collective mode is closely 
related to the orbital motion of neutrons with respect to protons. The 
famous electric giant dipole resonance (GDR) (21)  represents a familiar 
example of another kind of an isovector motion. As well known, the main 
properties of the GDR can be described by hydrodynamical models (22, 
23) as an oscillation of neutrons against protons. The mean excitation 
energies of the GDR are given by 
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Ex in 26AI 
14 13 12 II 10 9 MeV 

t.. 
r<l+ 

26Mg(p,n)26A1 
m- t.. 

..J Q� .... 
w Ep= 35 MeV Q � z en z o = 30' t.. « J: d = 22.48m � 0 � ..... (/) I-Z :l 0 U 

0 
� 
::; 
Iii 

MeV 
Ex in 26Mg 

Figure 3 Comparison of MI transition strengths in 26Mg from nuclear resonance fluo
rescence (lower part) with peaks in a 26Mg(p,n) spectrum due to excitations of the analog 1+  

levels in  2 6  AI. 

E(GDR) = 77A-1/3 (MeV) 

E(GDR) = 34A -1/6 (MeV) 

(23) 

(22) 
3. 

4. 

depending on the choice of the restoring force and the boundary 
conditions, respectively. For deformed nuclei the GDR splits into two 
components corresponding to vibrations along the short and long sym
metry axes of the deformed nuclei (24). 

The macroscopic picture of the hydro dynamical models, describing the 
GDR, has been adopted by Lo Iudice & Palumbo (25) to construct a 
collective isovector magnetic mode. In their two-rotor model (TRM) the 
neutrons and protons are assumed to act as rigid deformed bodies that 
may rotate against each other around a common axis. An appropriate 
restoring force leads to a scissor-like oscillation. This geometrical picture 
of the so-called Scissor Mode makes obvious the predominant orbital 
character of this excitation. The excitation energy is given in the framework 
of the TRM by 

E(MI )  = 42!5A-1/6 (MeV) (26), 5. 

which shows the same A dependence as the GDR resonance energy in the 
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Ml EXCITATIONS 39 

Goldhaber-Teller model (22). However, the absolute scale is reduced by 
the deformation parameter 15, which is about 0.25 for strongly deformed 
nuclei. Therefore, the energy of the M l  mode is lowered to 3-4 MeV 
whereas the GDR is concentrated at 12-15 MeV in heavy nuclei. This low 
excitation energy of the M l  mode implies that this mode should be 
observed in isolated, low-energy, bound states, in contrast to the GDR 
located in the continuum of highly excited nuclear states. 

A large number of theoretical papers have been published on this subject, 
most of them after the discovery of the new magnetic mode by Richter 
and coworkers (12). Therefore, this article restricts itself to the rather 
typical descriptions outlined in the following. 

In a sum rule approach (SRA), Lipparini & Stringari (27) showed that 
the isovector M l  mode can occur by the coupling of a rigid rotation to 
the isovector giant quadrupole resonance. For the excitation energy, an A 
dependence has been derived: 

E(Ml )  = 56JA� 1/3 (MeV). 6. 

Microscopic shell-model calculations using the random phase approxi
mation (RPA) also succeeded in describing the new magnetic model to 
some extent. The excitation energy shows a JA � 1/3 dependence. The scaling 
factor is about 66 MeV (28). It changes slightly in different calculations, 
which differ mainly in the choice of the residual interaction. Furthermore, 
the RP A calculations suggest a fragmentation of the strength into several 
states (28-31). 

Hilton (32) treated the rotational oscillation in his RPA calculation 
analogously to the linear oscillations of the GDR. In this so-called giant
angle dipole (GAD) model, the excitation energy of the M l  mode is 
proportional to the GDR energy 

E(GAD) = JE(GDR), 7. 

in fair agreement with the TRM predictions. 
Very recently, parameter-free microscopic calculations of B(M 1) 

strength distributions and decay branchings of the corresponding 1 + states 
have been performed by Hammaren et al (33) for some deformed even
even nuclei in the mass region A = 130. The total strength of 6--9 J1� has 
been predicted to split mainly into two regions at excitation energies of 4 
and 5 MeV, respectively. 

The interacting boson model can be considered to be between the macro
scopic and the shell-model description. In its second version (LBA-2) (34-
37), neutron and proton degrees of freedom are treated separately. Neu
trons and protons are assumed to couple to pairs (bosons) with angular 
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40 BERG & KNEISSL 

momentum L = 0, 2, s and d bosons, respectively (in the simplest version). 
The Hamiltonian, in a simplified form, can be writtcn as 

8. 
The first term takes into account thc quadrupole-quadrupole interaction 

between neutron and proton bosons and describes the well-known low
lying collective bands in deformed nuclei (see Figure 4). The second so
called Majorana term represents the analogy to the symmetry energy term 
in hydrodynamical models and determines the separation of states of 
complete and mixed symmetry with respect to proton and neutron degrees 
of freedom. The Majorana force parameter A has to be determined exper
imentally (see Section 5.3). In the framework of the IBA-2, the orbital M I  
mode corresponds to the excitation ofa I + state of mixed symmetry, which 
represents the head of a K = I band (see Figure 4). The geometrical 
interpretation of this M I  excitation is a small-angle oscillation of the 
protons against the neutrons outside an inert core. This motion of the 
"nuclear wobble" (38) likewise suggests that the new M I mode cor
responds to an orbital excitation. Furthermore, a lower strength as com
pared to the TRM prediction seems to be plausible since only nucleons 
outside the core participate in the collective motion. The transition strength 
(39) in the SU(3) limit for axially symmetric rotators amounts to 

3 8NvN" 2 
4n 2(Nv+N,,)-1 (gv-g,,) , 9. 

(where N., N" and g., g" are the neutron and proton boson numbers and 
g-factors, respectively). 

3'--
r--

4+-- �= 
1+, 

8"-- r-- z+-- >. (1+--
MAIORANA 

r-- _1 __ 

t:--

�=== 
K=O K=O K=2 I K= 11 p Y 

ROTATION VIBRATIONS NUCLEAR WOBBLE 

Figure 4 Collective bands of a deformed nucleus and geometrical interpretation of the 
"nuclear wobble." 
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Ml EXCITATIONS 41 

In Table 1 the excitation energies and transition strengths as obtained by 
different model calculations are summarized together with the numerical 
values for 156Gd, which is the most extensively investigated nucleus so far 
(14). The theoretical results are compared with the experimental data in 
Section 5.3. 

An extension of the two-rotor model to triaxially deformed nuclei pre
dicts an energetic splitting of the orbital M l  mode (41 ): 

1 AE = Ex j3 tan y. 10. 

The usual deformation parameter y describes the deviation from axial 
symmetry. The strength should be shared within the two states according 
to 

B2(M l )/B 1(M l )  = ( 1 - � tan Y)/( l + � tan Y) , 1 l. 

which is on the order of unity for small deformation parameters. 
In conclusion, the signatures of the new orbital M l  mode in deformed 

nuclei are 

1. an excitation energy of about 3 MeV (in the rare earth region), 
2. a transition strength on the order of 3 ft6, and 
3. a predominantly orbital character corresponding to convection current 

type excitations; no or very weak excitation in (p,p') reactions. 

Adequate models must describe the electron scattering form factors as well 
as the photon scattering data (at the photon point). 

3. ELECTROMAGNETIC PROBES 
3.1 Electromagnetic Excitations by Virtual and 
Real Photons 

The application of electromagnetic pro bes (electrons or photons) in nuclear 
structure studies offers some fundamental advantages. First of all, the 
excitation is due to the well-known electromagnetic interaction of the 
incident electrons or photons with the nuclear charge, current, and mag
netization densities. Furthermore, the interaction is weak; therefore, the 
processes can be treated in perturbation theory, and precise, detailed, and 
rather model-independent information on the nuclear structure can be 
extracted. In the following, some basics of electron and photon scattering 
are summarized that are relevant for understanding the experiments dis
cussed later in this article. For a deeper insight the reader is referred to 
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Table 1 Model predictions for the excitation energy and B(M 1)j values of the orbital M I mode 

Model Ref. 

TRM (25,26) 
SRA (27) 
RPA (28) 

(29) 
(30) 

GAD (32) 

IBA-2 (39) 

'Bare g-factors. 
b Effective g-factors (40). 

Excitation energy 
(MeV) 

42 c5A-1!6 

56c5A-1!3 

66 c5A-1!3 

.lE(GDR) 

Total strength 
B(Ml)j (Jl6) 
0.035c5AJ/2 

0.043 c5A4/3 

0.027 c5A4/3 

0.044 c5A4/3 

0.043 c5A4/3 

(N' 2)4/3 , 
0.189.l 4/3 4/3 (g.-9n)-N +2 

3 8·N.· N, 2 
411 2(N.+N,)-1 

(g.-g,) 

� 

I:J;I 
� o 
Ro 

Numerical values for 156Gd � 
Ex (MeV) B(M 1) i (Jl6) 

4.54 17.12 
2.61 9.06 
3.08 5.69 

9.27 
2.5-4.1 9.06 

3.59 7.53 

2.91" 

3.84b 
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Ml EXCITATIONS 43 
the textbooks ofUberall (42) or one of the excellent review articles on this 
subject (43, 44). 

Inelastic scattering of an electron on a nucleus can be understood as an 
exchange of a virtual photon of energy OJ and momentum q (see Figure 
5). 'The energy of the virtual photon corresponds to the excitation energy 
transferred to the nucleus and is determined by the energy loss of the 
scattered electron. The transfer of momentum q can be varied for a fixed 
excitation energy by changing the scattering angle and/or the energy of 
the incident electrons according to 

q = (ki+k�-2klk2 cos 8)'/2 
12. OJ=k,-k2 

(k1,2 are the momenta of the incident and scattered electrons, respectively; 
in units of h = c = 1). This possibility of the q variation in electron 
scattering enables one to map out the spatial distributions of the change, 

current, and magnetization transition densities, whereas in experiments 
with real photons the transfer of momentum is fixed and equal to the 
excitation energy. Therefore only transition probabilities can be extracted 
from real photon experiments. 

Although electron scattering experiments, in particular on heavy nuclei, 
have to be analyzed in a Distorted Wave Born Approximation (DWBA), 
in the following the relevant features of electron scattering are summarized 
in a Plane Wave Born Approximation (PWBA) description since in this 
treatment the underlying physical processes are more transparent. 

In PWBA the inelastic electron scattering cross section can be written 
as a sum of cross sections for excitation of different electric and magnetic 
multi polarities: 

dO" 00 dO"A 00 dO"A 

�=L-+L- . dO A= 0 dOe! A= I dOmagn 
13. 

The cross section for the excitation of a transition with multipolarity A 

e' 

e 

If> 

Ii> 

Figure 5 Kinematics of inelastic electron 

scattering in the one-photon-exchange 

approximation 
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can be factorized (neglecting recoil effects) into the Mott cross section, 
describing the electron scattering on the Coulomb potential of a point-like 
proton, and a sum of form factors taking into account the spatial extension 
of the nucleus and being responsible for the diffraction pattern of the 
scattering cross section: 

The form factors correspond to matrix elements of the multipole operators. 
The longitudinal (with respect to the q axis) Coulomb form factor FL is 
connected to the charge transition density; the transverse electric and 
magnetic form factors FE and FM are related to the convection current and 
magnetization transition densities. A measurement of the scattering cross 
section at a fixed q and at different scattering angles allows one to dis
entangle longitudinal and transverse contributions (Rosenbluth plot; see 
Equation 14). 

F or the discussion oflow-q electron scattering and its relation to photon 
scattering it is useful to express the form factors by the corresponding 
transition probabilities: 

B(CA, q) = [(2A+ 1 )!!/qAJZ . IFUq) I 2 

B(EA, q) = [A/(A+ 1)]· [(2A+ I)!!/lF · IF�(q)12 

B(MA, q) = [..1./(..1.+ 1)]· [(2..1.+ I)!!/lF · IF�,t{q)12. 

The scattering cross sections are then 

1 5. 

1 6. 

In the context of magnetic excitations it should be noted that the kine
matical function VL(O) vanishes at 0 = 180° whereas VT (180°) remains 
finite. Therefore magnetic transitions should be studied at backward 
angles. 

The transition probabilities B(A, q) as measured in (e, e') experiments 
depend on the transfer of momentum q; on the other hand, the same 
transition probabilities at the photon point (q = co) describe the photo
absorption and the ground-state y decay of excited levels. The photo
absorption cross section integrated over the level width equals 

A
nn

u.
 R

ev
. N

uc
l. 

Pa
rt

. S
ci

. 1
98

7.
37

:3
3-

69
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 I

da
ho

 S
ta

te
 U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

06
/2

3/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



Ml EXCITATIONS 45 

and the ground-state decay width of an excited level with spin J amounts 
to 

00 (A.+l)w2l+121o+l 

ro = 8na '!�l ),,[(22+ l)!W 21+1 • [B(EA., w) + B(MA., w)]. 18. 

The transition probabilities B(J.., q) as extracted from (e, e') experiments 
can be related to the photon scattering data by an extrapolation of the 
form factors to the photon point. The photon point is not accessible 
in electron scattering since it corresponds to a scattering angle of 0°. 
Furthermore the increased background of the radiation tail of the elastic 
peak makes (e, e') experiments extremely difficult at forward scattering 
angles. In addition one deals with rather low cross sections near the 
photon point since the form factors scale proportionally to q).. The model
independent PWBA analysis of electron scattering data is limited to exper
iments on light nuclei and to the use of high electron energies. In a realistic 
analysis, in particular when dealing with heavy nuclei, the necessary 
DWBA treatment leads to a certain model dependence of the results. 
Therefore, the comparison of(e, e') and (y, y') data is of crucial importance 
in many cases. The information from virtual and real photon work comp
lement one another and supply detailed insights into nuclear structure. As 
an example of the power of this tool, form factors of the 2.974-MeV 1 + 
state in 1560d (see Section 5.3), predicted by IBA-2 and two-quasi-particle 
(2vf7/2 -4 2vfs/2) calculations (14, 12), are depicted in Figure 6. The limited, 

-� 
104 

e: "Q .... 1:) "C 
105 

a 
"C .... 
b 10-6 � 

156Gd 

E. = 2.974 MeV 
In = I' 

r1::! / \111 ... \ \ \ 

Lo , 
0.0 0.3 0.6 

q ( fm-I) 

o (e,e') 
• ('1,'1') Figure 6 Form factor of the 2.974-MeV 

state in l56Gd as calculated in IBA-2 (solid 
line) ( 14) and a two-quasiparticle (2vf7/2 -+ 

2vfs/2) calculation (dashed line) ( 12) in com
parison with (e,e') and (y,y') data (14). 
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accessible q range makes it impossible to distinguish between the two 
model calculations on the basis of the (e, e') data only. However, both 
calculations differ considerably at the photon point. Therefore, the photon 
scattering data ( 1 3, 1 4) enable one to reach a clear conclusion as to which 
model is appropriate. 

3.2 Experimental Progress 

During the past years considerable progress was made in experimental 
techniques for investigating nuclear magnetic excitations with elec
tromagnetic probes. In present day inelastic electron scattering exper
iments, measurements can be performed with resolutions comparable to 
those obtained in hadron-induced reaction studies. An important inno
vation has been the development of energy loss spectrometer arrange
ments. By matching the dispersion of the beam transport system to that 
of the spectrometer, electrons with a certain fixed energy loss were 
focussed into a single spot of the focal plane, independent of the momen
tum uncertainty of the incoming beam. Typical relative energy resolutions 
dElE of some 1 0-4 can be achieved at modern electron spectrometers 
working in the energy loss mode. Furthermore, these installations make 
available beam intensities higher than conventional spectrometer arrange
ments because a rather broad momentum interval can be used. 

An example of this technique's success is the energy loss arrangement 
at the 70-MeV Darmstadt electron accelerator (DALINAC) (45), where 
systematic studies of magnetic excitations have been performed by low
energy, but high-resolution inelastic electron scattering experiments (8, 9). 
The excellent experimental performance of this facility made possible, for 
example, the recent discovery of low-Iying collective M l  excitations (2-3 
MeV) in heavy deformed nuclei ( 12) (see Section 5.3). 

In photon scattering work essential experimental developments can be 
stated too. The availability of modern electron accelerators led to an 
intensified use of bremsstrahlung photon beams in nuclear resonance fluo
rescence (NRF) experiments. This technique has the advantage that all 
states with considerable ground-state widths can be excited simultaneously 
as a result of the continuous energy spectrum of bremsstrahlung. There 
are no limitations as in experiments using monenergetic photons from 
(n, y) capture reactions, where a random overlap of the incident y-ray 
energy and the energy of the state to be excited is necessary (46, 47). Since 
the pioneering work in photon scattering of bremsstrahlung on low-lying 
nuclear states carried out by Metzger (48), high-current electron linear 
accelerators (linacs) in a wide energy range are in operation; furthermore 
high-resolution y-ray spectrometers of good efficiency are now available 
[large volume Ge(Li) or Ge(HP) detectors]. 
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The high beam intensities of present electron accelerators make it pos
sible for the first time to use off-axis bremsstrahlung with reasonable inten
sity as a source of linearly polarized photons for nuclear fluorescence 
experiments. Figure 7 shows the setup of the bremsstrahlung facility as 
installed at the Giessen linac ( 1 1 ,  49). The electron beam from the accel
erator (mean currents up to 300 IlA) is bent, its energy analyzed by a 
magnet system, and then focused on a bremsstrahlung radiator target. A 
I mm thick water-cooled tungsten target is used for the production of an 
intense unpolarized photon beam (about l O9 photons/s· MeV). Behind the 
bremsstrahlung target a dumping magnet cleans the photon beam from 
electrons. A sophisticated system of collimators and beam hardeners 
within a 3-m concrete wall delivers a well-collimated photon beam in the 
experimental area. Two sets of steering coils in front of the radiator target 
makc it possible to change the angle of incidence of the electron beam on 
the target in order to produce linearly polarized off-axis bremsstrahlung. 
In this operation mode thin aluminum foils ( 12-50 11m) are used as a 
radiator. In the experimental area four germanium y-ray detectors are 
installed. The degree of polarization can be measured online by a polar
imeter based on the photo disintegration of the deuteron (see Section 4.2). 
The good collimation of the beam, the excellent shielding of the detectors 
(which reduces the background level), and the high beam intensity enabled 
systematic NRF studies at the Giessen facility ( 1 1 ,  50) even on enriched 
isotopes available only in quantities of a few grams. 

Conventional electron linacs such as the Giessen machine suffer from 

e-I Giessen 65 MeV 
electron tinae 

1m 

Figure 7 Polarized bremsstrahlung facility for nuclear resonance fluorescence experiments 
as installed at the 65-MeV Giessen electron linear accelerator (11). 
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their low duty cycle (on the order of 0.1 %). Typical repetition rates are a 
few hundred hertz. Hence the possible counting rates of the y-ray spec
trometers are limited to less than 10% of the repetition rate in order to 
avoid pile-up effects. This drawback has been overcome by the con
struction of the first continuous wave (CW) electron accelerators such as 
the Microtron Using a Superconducting Linac (M USL 2) at the University 
of Illinois (5 1 )  and the first stage ( 14  MeV) of the Mainz Microtron 
(MAMI) (52). At the continuous beams of such facilities the maximum 
counting rates in NRF experiments are limited only by the performances 
of the y-ray spectrometers and amount to about 5 kHz as compared to 
about 100 Hz at conventional linacs. 

A high duty cycle of the beam also lets one use coincidence techniques, 
e.g. an efficient production of monochromatic "tagged photons" 
(bremsstrahlung monochromator) (53). The use of monochromatic pho
tons is a big advantage for the investigation of highly excited continuum 
states by photon scattering (54). Photon intensities of some 1 05y/s (in an 
energy bin of 50-100 keV) could be used in photon scattering experiments 
(55) at the tagged photon facility of the University of Illinois. Because of 
their low intensity, the scattered photons were detected by large-volume 

NaI/TI y-ray spectrometers in these experiments. The y-ray energy res
olution of the tagging electron spectrometer (50-1 00 keV), which is not 
sufficient to resolve individual bound nuclear states at increased level 
densities. However, interesting information about mean multipole strength 
distributions can be obtained from photon scattering with monochromatic 
tagged photons, in particular when using linearly polarized photons with 
an enhanced degree of polarization (55, 56) (see Section 4.2). 

Besides the new CW electron accelerators, based on high-frequency 
electron linacs and particular recirculation systems, electrostatic accel
erators represent very useful, unique machines for low-energy NRF exper
iments (48). At the Dynamitron accelerator of the University of Stuttgart 
(57) a continuous electron beam of up to 4 rnA at a maximum energy of 
4.3 MeV is available. A high-intensity bremsstrahlung facility has been set 
up by a Giessen/Koln/Stuttgart collaboration (58) and successfully used 
for the investigation of low-lying collective MI excitations in- heavy 
deformed nuclei ( 1 3 ,  1 4, 59). 

4. NUCLEAR RESONANCE FLUORESCENCE WITH 
LINEARLY POLARIZED PHOTONS 
Resonant scattering of bremsstrahlung on an atomic nucleus has become 
an important spectroscopic method to determine spin vibrations and col-
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lective M I  modes in nuclei. The measurement of transition probabilities, 
spins, and parities in an NRF experiment is completely model independent. 
On the other hand, exciting a nucleus with photons is very selective; mainly 
dipole transitions will be induced and to a much lesser degree electric 
quadrupole transitions. 

A breakthrough for NRF experiments with bremsstrahlung was the 
development of the linearly polarized bremsstrahlung beam facility at the 
University of Giessen 65-MeV electron linear accelerator (11 ,  49). With 
this experimental arrangement it was possible for the first time to determine 
parities of highly excited dipole states close to the particle threshold in an 
NRF measurement and to study systematically the spin-flip M I resonance, 
which is located around 1 0  MeV. 

4.1 Formalism of Photon Scattering 

If an atomic nucleus is irradiated by a continuous photon spectrum, it can 
be excited by multi pole radiation of order L[ or L[, with an energy 
corresponding to the excitation energy of an excited state. This process 
and the quantities that influence the photon scattering cross section are 
shown in Figure 8. The probability of being excited depends on the ground
state transition width roo The excited level then decays back to the ground 
state of the nucleus or to a low-lying excited state. The multi pole order of 
the radiation in the exit channel is L2 or L2, (see Figure 8). The photon 
scattering intensity for scattering on a nuclear state is directly proportional 
to the ground-state decay width ro of a level and the branching ratio to 
the ground state r olr, where r is the total decay width of a state including 
the decay widths to excited states rr and the particle decay widths, if the 
level is above particle threshold. The dependence of the photon scattering 
cross section, integrated over a single resonance, on the decay widths is 

du(}i,y') 
= 

2J+l 
( 

x,)2r rr W(O,cp) 

dQ 2J o + 1 n Or 4n ' 
19 .  

where X, is the reduced wavelength of the absorbed photon. 

Ex----�.-----.------
(1) 

Ll • Lj 
� 

g.5 .. -----&....-----

J 

Figure 8 Definition of multipole orders 
L, decay widths r, and spins J; (I) and (2) 
denote entrance and exit channels. 
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If thin photon scattering targets are used, self-absorption within the 
target becomes negligible and the ground-state decay widths ro can be 
calculated directly from the photon scattering intensities by using Equation 
19 .  An example of an NRF spectrum obtained in a photon scattering 
experiment on 26Mg was shown in Figure 2. 

The multipole order of a 1'-ray transition can be determined by mea
suring the angular intensity distribution W(B, </1) of the scattered photons. 
In a (1',1") experiment, the axis of quantization is the direction of the 
well-collimated bremsstrahlung beam. The scattering B angle is measured 
between bremsstrahlung beam and emitted deexcitation l' ray; </1 is the 
angle between scattering and polarization plane defined by the electrical 
field vector and the beam direction. The angles relevant for photon scat
tering are shown in Figure 9. 

The angular distributions for dipole and quadrupole radiation from a 
nucleus with ground-state spin zero are plotted in Figure 10. It is sufficient 
in this case to measure the intensities of scattered photons at two angles 
(e.g. at 90° and 127°) in order to determine the multipolarity of a 1'-ray 
transition. 

If the bremsstrahlung beam is linearly polarized, an azimuthal asym
metry of the scattered photons will be observed, which in turn can be used 
to determine the parity of an excitation. The angular distribution for 
scattering of linearly polarized photons will be 

_ cos 2</1 " (2) W(B,</1) - W(B)+(±)L', (1+t5i)(1+b�)'7 Kil)Av(2)Pv (cos B), 20. 
where (± )L'I equals + 1 and - I for electric and magnetic transitions, 
respectively. Wee) is the angular distribution function for scattering of 
unpolarized photons. Mixing of the radiations of different multipole orders 
in the entrance channel ( 1 )  and the exit channel (2) is detennined by the 
mixing ratio b. Numerical values for the angular correlation coefficients 

y BREMSSTRAHLU� '- BEAM 

RJLARIZATION PLANE 
Figure 9 Definition of photon scattering angle 0 and azimuthal angle rjJ being relevant in 
NRF experiments with linearly polarized bremsstrahlung, 
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Figure 10 Angular distribution for pure dipole and quadrupole scattering on a ground
state spin Jo = 0 nucleus. 

All), Al2), and Kv(l) as well as for the unnormalized associated Legendre 
functions p�2) (cos 0) can be found in the review article by Fagg & Hanna 
(60), "Polarization Measurements on Nuclear Gamma Rays." 

Usually, the polarization of the bremsstrahlung beam is < 100%. There
fore, the terms with cos 2¢ in Equation 20 have to be multiplied by the 
degree of photon polarization. Figure 1 1  shows the azimuthal elastic 
photon scattering intensities at e = 90° for pure El and MI excitations of 
a nucleus with ground-state J = O. Polarization of the incoming photons 
is assumed to be 1 00%. In addition, the locations at which the y-ray 
detectors are placed to measure scattering asymmetries are shown. 

It is evident from Figure 1 1  that the number of photons scattered within 
the polarization plane Nil differ from the number of photons scattered 
perpendicular to it, N 1.. The measured asymmetry 

e 
= 

N1. -Nil 
= P .�(e) 

N1. + Nil y 2 1 .  

depends o n  the degree of bremsstrahlung polarization Py and the analyzing 
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Electric Dipole Transitions Magnetic Dipole Transitions 

Figure 11 Azimuthal angular distribution of photon scattering cross sections for nuclear 
resonance fluorescence experiments (electric and magnetic dipole excitations). In both illus
trations the direction of the electric field vector E of the incoming y-ray beam was assumed 
to be the same. The radiation pattern of oscillating charges e is perpendicular to the photon 
intensity distribution emitted by a magnetic dipole. 

power 1:(8) of the (y,1") reaction. Since the absolute value of 1:(8 = 900) 
equals 1 for a spin 0-1 -0 cascade, the magnitude of the measured asym
metry is determined by the degree of bremsstrahlung polarization Py(Ex). 

For electric dipole transitions, one will measure asymmetries of 
I > e > 0; for magnetic dipole transitions as well as for electric quadrupole 
transitions, the range will be 0 > e > - I .  

These asymmetries, which are shown later in an asymmetry plot 
obtained from a measurement with polarized bremsstrahlung on 206Pb, are 
the basis for parity determination. 

4.2 Production of Linearly Polarized Photons 

As mentioned before, an urgent demand exists for sources of linearly 
polarized photons with a high degree of polarization, with a high spectral 
intensity (photons/s· eV), and with variable energy. Unfortunately, these 
requirements for an ideal source of polarized photons cannot be fulfilled 
by present techniques. Up to now the application of off-axis bremsstrah
lung has been the most successful method for NRF experiments ( 1 1 ) .  

Since the 1 950s, it has been known that off-axis electron bremsstrahlung 
is partially linearly polarized (61, 62). As schematically shown in Figure 
1 2, the electric field vector E of the bremsstrahlung photons is preferentially 
perpendicular to the emission plane of the photons and is aligned tan
gentially to a circle around the incident beam direction. The optimal off
axis angle is about me2/Eo (me2 

= electron rest energy, Eo = electron 
bombarding energy). In order to select off-axis angles that correspond to 
different directions of the plane polarization, the reaction target can be 
moved around the central beam (54). Another possibility is to change, 
by steering coils, the angle of incidence of the electron beam on the 
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Figure 12 The production of linearly 
polarized off-axis bremsstrahlung (schem
atically; see text). 

bremsstrahlung radiator target and to select the off-axis angle by a sub
sequent fixed collimator. The electric field vector then can easily be 
switched in four directions, as indicated in Figure 12. Furthermore such 
an arrangement, as installed at the Giessen polarized bremsstrahlung 
facility ( 1 1 ,  49), offers the advantage of a fixed reaction target position, 
which allows a fully symmetric setup of four detectors (up, down, left, 
right). Therefore, all systematic asymmetries of the apparatus can be 
cancelled in first order. 

The degree of polarization can be measured via the photodisintegration 
of the deuteron. The analyzing power of this fundamental photo nuclear 
reaction has been studied extensively both theoretically (63) and exper
imentally (64). The analyzing power amounts to nearly unity for moderate 
energies ( < 30 MeV) and emission angles of 90° (63, 64). This means the 
protons and neutrons are preferentially emitted in the direction of the 
electric field vector of the polarized bremsstrahlung radiation (for pre
dominant El absorption). Because of the two-body disintegration of the 
deuteron, the energy of the photon inducing the reaction can be deter
mined, even if one is using continuous bremsstrahlung, by measuring the 
proton or neutron energy. A typical polarimeter consists offour detectors 
arranged azimuthally around the photon beam. Two types have been 
realized, based on proton or neutron detection, respectively. When using 
proton detectors (Si surface barrier detectors or telescopes), the energy 
dependence of the degree of polarization can be determined more easily 
(49). However, the neutron detection technique (liquid scintillation coun
ters with pulse shape discrimination) offers the advantage of high counting 
rates, since thick targets can be used ( 1 1) .  

In Figure 13 a typical dependence of the degree of polarization PiEr) 
on the photon energy is plotted. Py is zero at the bremsstrahlung endpoint 
energy Eo (energy of the incident electrons) and amounts to about 30% at 
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Figure 13 Degree of polarization of off-axis bremsstrahlung as a function of the photon 
energy (Eo = 30 MeV, e = 1.4°) (49). 

one third of Eo. The photon flux for moderate energies (Eo < 30 MeV) 
is reduced by a factor of 20 to 30 as compared to that of unpolarized 
bremsstrahlung beams because of the lower bremsstrahlung yields at 
off-axis angles and the requirement of a thin radiator target (in order to 
avoid multiple scattering of the electrons). Therefore, high-current electron 
accelerators (mean currents of � 100 f.lA) are needed to obtain reasonable 
polarized photon intensities. 

The degree of polarization can be considerably increased by collimation 
of both the bremsstrahlung quanta and the post-bremsstrahlung electrons. 
This technique as proposed by Laszweski et al (55) can be applied at 
tagged photon facilities (bremsstrahlung monochromator). Degrees of 
polarization on the order of 50% can be achieved at photon energies of 
about 1 0  MeV and bombarding energies of 20 MeV. Recently, extensive 
calculations, in particular of the polarization enhancement, were per
formed by Ahrens (65) and Sherman et al (66). 

The application of polarized off-axis bremsstrahlung in photon scat
tering work is nicely demonstrated in Figure 14, where results are depicted 
from a 30Si(}i, y') experiment (50). Four high-resolution Ge(Li) detectors 
were installed at azimuthal angles of 0, 90, 1 80, and 270° with respect to 
the polarization plane defined by the photon beam and the electric field 
vector. The upper part of Figure 14 shows the pulse height spectra recorded 
by detectors perpendicular to the polarization plane; in the lower part the 
corresponding spectrum taken by detectors parallel to the polarization 
plane is plotted. In 30Si two dipole transitions of 9.357 and 9.792 MeV 
have been observed in an NRF-experiment using unpolarized bremsstrah
lung (67). The corresponding full-energy, single-escape, and double-escape 
peaks are marked in the spectra as M, M', M" and E, E', E" respectively. 
Enhancements of relative intensities are clearly evident: of the "E-peaks" 
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Figure 14 The (y, y')  spectra in an NRF 

experiment using polarized photons as re
corded perpendicular (upper part) and par
allel (lower part) to the polarization plane 
(see text). 

in the upper spectrum and of the "M -peaks" in the lower spectrum. This 
measured azimuthal asymmetry now allows unique parity assignments 
(9.357 MeV: magnetic dipole, I + ;  and 9.792 MeV: electric dipole, 1 -). For 
nuclei with zero ground-state spin, such as 30Si, the analyzing power in a 
(y, y') reaction is maximal (IL(900)1 = 1 )  and changes its sign (+ I for 
electric and - 1  for magnetic excitations, respectively). The magnitude of 
the observed asymmetry then equals the degree of polarization of the 
photon beam used. 

5. RESULTS AND DISCUSSION 
Investigation of M 1 resonances in nuclei has always been an interesting 
and challenging puzzle for nuclear physicists. LS closed shell nuclei, such 
as 160 or 40Ca where no M 1 strength was presumed in a single shell model 
(68), showed considerable spin-flip strength; on the other hand, injj closed 
nuclei, such as 90Zr or 208Pb where at least one M l  giant resonance is 
expected (69), it was difficult to identify the total spin vibration strength 
(70). Another surprise in the field of nuclear spectroscopy was the discovery 
of the rotational vibrations of protons against neutrons in deformed nuclei. 
The status of studies of M l  transitions has been reviewed by Richter (8, 
9); here we discuss contributions from the investigation of M 1 excitations 
with polarized and unpolarized bremsstrahlung. 

5.1  Closed Shell Nuclei 

5. 1 . 1  "0 Snover et al (71 )  found three 1 + states in 160 with a surprisingly 
large ground-state M I strength totalling B(M l)i = O. 72 1l�. Some high-
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lying M l  strength in addition was found in inelastic electron scattering 
(72). This M 1 strength has been explained by the mixing of core-excited 
states into the ground state (68) and in second-order perturbation theory 
(73). 

The 1 6.2-MeV I + state in 160 could also be observed in an experiment 
with polarized bremsstrahlung (49), and it was shown that the Ci>, particle) 
reaction provides new information about decay amplitudes of overlapping 
unbound states of different parity and/or different multipolarity, infor
mation not obtainable from unpolarized measurements. The measured 160(y, p) spectrum is depicted in Figure 1 5  together with the observed 
analyzing power of this reaction using polarized photons. A clear deviation 
at 1 6.2 MeV of the measured from a calculated analyzing power, assuming 
pure E 1  absorption, gives direct evidence that a 1 + state was excited 
overlapping with a broad E1  resonance. The 160(y, p) experiment yielded 
decay amplitudes of the 1 6.2-MeV resonance for the proton decay to the 
ground state of 15N of 1 1Pl2 = O.28 ± O.OlO and 13PI2 = O.07 ±O. 1 3  for the 
singlet and triplet amplitudes. 

5 . 1 .2 40Ca An unexpectedly strong isovector M 1  transition was observed 
in the spin-saturated nucleus 40Ca too (75, 76), which was explained by 
intense ground-state correlations (75) and by second-order perturbation 
theory (73). This excitation has also been investigated in an NRF exper
iment with unpolarized bremsstrahlung (77). The reduced transition prob
ability of the 10 .3 1 8-MeV level [B(M1)j = 1 .30 ± O. 19 Il�] as obtained in 
the photon scattering experiment agrees within the error bars with the 

I I  

, ' 

I I  II I 

l',r,,1 I,,,� \X2 
'. 

, , , .... 1. I 

,oP. " 
\' \.... /" " , . " ,,1' 

:0 - - - - - - JL - - - - - - - - - - - - 

o I ) 10 I Ir 11\ 11, ... .l-Ji! i l ) f '\ /-� r -' (r-I l , . 
16 18 20 22 24 

EXCITATION ENERGY IN 160 (MeV) 

Figure 15 Nuclear photocffect with pola
rized bremsstrahlung. The upper panel 
shows the cross section from the inverse 
reaction (74). The middle part gives the 
measured 160()" p) cross section. In the 
lower part the observed analyzing power 
at 90° is presented as error bars together 
with calculated values taking a2 coefficients 
from literature and assuming pure EI 
absorption. The data are as follows: open 
circles from (74); solid circles and dashed 
line from (71); and dotted line from (7I a) . 
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results of the inelastic electron scattering experiment (75) (1 . 1 2  ± 0.07 f1�), 
but in addition to the ground-state decay width, the partial decay widths 
to other states could be measured in NRF (77). 

5 . 1.3 90Zr Inelastic scattering of 200-MeV protons reveals a pronounced 
bump at an excitation energy between 8 and 10 MeV ( 1 6); this bump has 
been assigned to the spin vibration mode in this nucleus. More recent 
90Zr(p, p') measurements with polarized protons were able to resolve fine 
structure in the M 1 resonance bump and to settle the spin-flip character 
of that excitation (78). 

High-resolution NRF experiments with unpolarized photons revealed 
that a bump observed at 9 MeV in a photon scattering measurement with 
tagged photons consisted of a large number of individual transitions ( 1 1 ) .  
First results from a measurement with polarized bremsstrahlung, however, 
showed that none of the strongest dipole transitions observed in NRF are 
due to an M I  excitation ( 1 1 ). In this case the M I  excitation region is 
covered by very strong EI transitions. On the other hand, the measure
ments with polarized photons show that the M 1 resonance must be strongly 
fragmented between many states, because the strong transitions, for which 
parities could be determined, were E l  excitations. Here measurements 
with tagged polarized photons, which are currently carried out at Urbana, 
can help to determine total M l  and E l  strengths (56, 79). 

5. 1 .4 206Pb AND ,o'Pb The NRF experiments with polarized bremsstrah
lung led to the discovery of the isoscalar M 1 transition in 208Pb (80). The 
isoscalar character of this state, which has also been excited in a 
209Bi(d, 3He) reaction (8 1), was established later by inelastic electron elec
tron and proton scattering experiments (82, 83). This M I transition is 
explained in a two-state model as a destructive interference of neutron and 
proton spin-flip excitations: 

1 1  + ) = 0(Inh11hh9/2) - PlviI3hil l/2), 22. 

with P < 0 and 0(2 + p2 
= 1 .  The discovery of the isoscalar magnetic dipole 

transition in 208Pb at Ex = 5846 keV solved a long-standing problem con
cerning the isoscalar M l  strength in this nucleus. The present state of 
knowledge concerning M 1 strength in 208Pb has been summarized by 
Laszewski & Wambach (84). The existence of the isoscalar M I  state in 
208Pb prompted the question of whether this J" = I + state survives when 
the two 3Pl/2 neutrons close to the Fermi surface are removed. 

Figure 1 6  shows an asymmetry plot from an NRF experiment with 
polarized bremsstrahlung on 206Pb (85). Only two states exhibited a nega
tive asymmetry (positive parity): the one at 4 1 1 6  keV, whieh was a pre
viously known 2+ state, and a state at 5800 keV. An angular distribution 
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ENERGY( MeV) 
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Figure 16 Asymmetries from 206Pb(y, y') measured with linearly polarized bremsstrahlung 
(85). 

measurement gave evidence that a dipole transition had been detected. It 
is believed that the 5800-keV transition in 206Pb is an analog transition to 
the isoscalar M l transition in 208Pb. A comparison of both M l  transitions 
in 206Pb and 208Pb from NRF is given in Table 2. 

In addition, considerable isovector M 1 strength of 1 9  ± 2 J1.� between 6.7 
and 8 MeV has been detected in 206Pb by Laszewski et al using polarized 
tagged photons (56). 

5.2 sd-Shell Nuclei 

Two principal mechanisms are considered as likely sources of quenching 
M I  and Gamow-Teller excitation strength, namely (a) "core polarization," 
or mixing between the valence shell-model space and many highly excited 
orbits, and (b) subnucleonic effects, mesonic exchange currents, and, in 
particular, d-hole excitations (86-88). Quantitative analysis of the degree 
of quenching must also take into account the effects of configuration 
mixing within the valence shell-model space. 

In the following, a survey of dipole transition strengths to bound states 
in sd-shell nuclei is given. It was not possible to determine parities of 
excitations observed in earlier NRF experiments. With the polarized 

Table 2 Comparison of the isoscalar M I states in 2°'Pb and 206Pb 

Isotope Excitation energy (keV) 

5846± 1 
5800± I 

B(M 1) values (J.I�) 

1 .6 ± O.5 
1 .5 ± 0.4 
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bremsstrahlung facility at Giessen, parity determinations became feasible 
and most of the parities of transitions detected in NRF experiments (50) 
on even-even nuclei in the sd shell could be determined. In cases where spins 
were unknown, they were obtained by angular distribution measurements. 

The (y, y') experiments were performed on 22Ne, 26Mg, 28Si, 30Si, 32S, and 
34S. The results of these measurements and a comparison to shell-model 
calculations are shown in Figure 17 .  The observed M I  strength in the 
T = 0 isotopes of sd-shell nuclei shows a centroid energy of 1 1 .0 MeV, if 
the two strong unbound M I  transitions to levels at 1 1 . 14 and 1 1 .62 MeV 
in 32S are included, as reported by Fagg and coworkers (89). Deviations 
are within 0.5 MeV. It has been pointed out by Kurath (90) that M I  
strength should be concentrated in a few levels at the low-energy end of 
the I + level spectrum. 

If two neutrons are added to the T = 0 nuclei, the picture changes 
drastically. A spreading of the M I  strength distribution is observed and 
strong EI  excitations appear in the realm of the I + states. The B(Ml )  
values of single transitions in 4N + 2 nuclei are, on the average, only 20 
and 50% of those in the 4N nuclei. The experimental centroid energies of 
the T < components of the M I  resonance in T = I sd-shell nuclei are at 
9 .2 McV, with deviations falling within a I -MeV spread. These results 
were compared with shell-model calculations, and it was found that the 
reduction and spreading of M I  strength compared to the extreme jj limit 
of the shell model could be explained very well by taking into account 
intra-sd-shell configuration mixing (50). Only about 10% of the con
figuration mixed shell-model predictions of M I strengths remain missing, 
to be accounted for in terms of subnucIeonic effects and higher-order core 
polarization. 

5.3 Deformed Nuclei 

Strong, low-energy M l  excitations have been predicted for heavy, 
deformed nuclei by several nuclear models, as outlined in Section 2.2. Very 
recently this new magnetic dipole mode was discovered by Richter and 
coworkers (12) in rare earth nuclei by high-resolution inelastic electron 
scattering experiments at the Darmstadt linac. The new mode is of a rather 
pure orbital character since it could not be excited by inelastic proton 
scattering (91 ,  92) where the spin part of the M I  transition operator 
dominates. Detailed information about the distribution of the orbital, 
magnetic dipole strength can be extracted from a combined analysis of 
electron scattering and resonance fluorescence experiments. The reduced 
transition probabilities obtained by extrapolating the electron scattering 
form factors to the photon point can be compared with the B(MIH values 
measured directly at the photon point in photon scattering experiments. 
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NRF EXPERIMENT 
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Figure 17 Reduced transition probabilities of bound 1 + states in T = 0 and 1 sd-shell ·nuclei 
from nuclear resonance fluorescence measurements performed at the Giessen electron linear 
accelerator and results from shell model calculations (50). The two B(M I)  values plotted as 
dashed bars were obtained in 32S (e, e') experiments (89). Particle emission thresholds are 
indicated by p, n, and (X. 
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MI EXCITATIONS 6 1  

As a n  example, the results for 156Gd are discussed i n  more detail ( 14). 
Figure 18 shows experimental spectra for 156Gd: in the upper part a (y, y') 
spectrum as measured by a Ge(Li) detector at a bremsstrahlung endpoint 
energy of 3 .5 MeV. The marked peaks indicate ground-state transitions. 
Satellite peaks shifted by 89 ke V to lower energies correspond to transitions 
to the first excited 2+ states, respectively. The observed branching ratios 
R = r o/r 2+ amount to about 2, as is expected for 11K = 1 transitions 
within the validity of the Alaga rules (93). The angulaI: distributions of the 
marked transitions show a clear dipole pattern. In the lower part of Figure 
1 8  the sum of all background-subtracted 156Gd (e, e' ) spectra is plotted. 
Besides the most prominent peak at 3.070 MeV, five weaker magnetic 
transitions could be detected by the comparison with the (y, y ')  data. The 
corresponding lines have been cross-hatched in the line decomposition of 
the (e, e') spectrum. 

In the case of the strong 3.070-MeV transition, the behavior of the 
electron scattering form factor alone identified the excitation as being due 

6 

4 

<II 2 ... 
c '" 
» r... a 0 r... +' 12 :0 r... a 

� 
Ul .... c: '" 8 0 U 

4 

0 
2.8 

1 56 G d (y,y ') 

1 56 

E�QX =3.5 MeV 
e = 1 27°  

G d  (e,e')  
r a l l  Spectra 

e = 1650 

E xcitation Energy ( MeV ) 
Figure 18 Comparison of nuclear resonance fluorescence and electron scattering spectra in 
the region of the new M I  mode (14). 
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to the new mode. However, for the weaker transitions, only a combined 
analysis of both the (e, e') and (')I, ')I') experiments succeeded in dis
tinguishing between orbital and spin excitations. This is nicely dem
onstrated in Figure 1 9, where theoretical M l  transition form factors are 
compared to the (e, e') and (y, y') data represented by circles and triangles, 
respectively. The dashed lines show form factors assuming a spin-flip 
excitation mechanism (12) .  The full lines correspond to microscopic IBA-
2 calculations ( 14) (orbital excitation). For the weaker transitions, con
tributions of electric multi poles have been indicated in forward-angle elec
tron scattering data. Therefore, appropriate Tassie model form factors 
have been added in these cases ( 14). Figure 1 9  clearly shows the crucial 
importance of the photon scattering data enabling an unambiguous dis
tinction between the different form factor calculations. The form factors 
of all discussed transitions (except the weak 3 . 1 58-MeV transition) are 
well described by the IBA-2 calculations and therefore can be ascribed 
to the new orbital magnetic mode. Independently, the positive parity of 
the 3.070-MeV state has been confirmed by a (y, y') experiment at the 
Giessen linac using linearly polarized bremsstrahlung (94). 

c: 
:E o 
"0 

a (e,e') 
l> (y,y') 

10-4 
E. =2.974 MeV 
JIl =1+ 

1 0. 5  rO'9-....... �( 
� '*f\ 

- 8  1 0  

1 5 6Gd 
e .165· 

E. ·3.010 MeV 
J' .1+, 3-

� '" 

E. =3.070 M eV 
JIl =1"-

(��Q'9 
l> 1 

1 0- ? . . �.�.I ____ �I ____ �I��/-LI ____ � ___ I�,�L_ ___ iL_ ___ iL_� 
0.0 0.3 0.6 0.0 0.3 0.6 0.0 0.3 0.6 

q ( fm-1) 
Figure 19 M 1 transition form factors in comparison with data from electron scattering and 
nuclear resonance fluorescence experiments (14). The downward-pointing arrows represent 
upper limits. 
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The experimental results of the (y, y') and (e, e') experiments are in 
good agreement. The observed orbital M l  strength is concentrated in five 
transitions near 3 . 1  MeV and amounts to 2. 1 + 0.3 /15 in the (y, y' ) work 
compared to 2.3 + 0.5 J.l� in the (e, e') experiment. This strength lies below 
the value of about 3.8 /1� as predicted by the IBA-2 model in the SU(3) 
limit (39). 

Evidence for the collective magnetic dipole mode in further deformed 
nuclei in the rare earth region came from systematic (e, e') experiments 
performed by the Darmstadt group (95). In the energy range 3. 1-3.5 MeV, 
strong M 1 transitions (1-1 .5 /15) of orbital character could be detected in 
the isotopes 154Sm, 158Gd, 164Dy, 168Er, and 174Yb. In 164Dy a splitting of 
the strength (about 50 keV) into two main components has been observed 
and may be connected with a triaxial nuclear deformation (41). 

These electron scattering experiments have been complemented by 
recent NRF experiments of a Giessen/Koln/Stuttgart collaboration. The 
excellent energy resolution of modern y-ray spectroscopy (about 3 keV at 
3 MeV) and the optimized arrangement at the Stuttgart bremsstrahlung 
facility (58) led to an increased detection sensitivity of about 0. 1 J.l� for M l  
transitions in the excitation energy range of about 3 MeV. These exper
iments are powerful tools for investigating the fine structure and frag
mentation of the orbital magnetic dipole strength. Final results have been 
obtained for the even Gd isotopes (A = 1 56, 1 58, 1 60) and the even Dy 
isotopes (A = 1 60, 1 62, 1 64) ( 1 3, 1 4, 59, 96). As an example of the observed 
fragmentation of the strength, the results for the Gd isotopes are plotted 
in Figure 20. The fragmentation increases with higher mass numbers. The 
shift of the centroid excitation energy roughly follows the expected 66 
c5A - 1/3 MeV dependence (28). The total strength, assuming all excitations 
can be ascribed to the orbital M l  mode, is about 2.4 and 2.7 J1� for 158Gd 
and 16°Gd, respectively. In the investigated Dy isotopes, the strength is 
concentrated mainly in two or three states of comparable transition 
strength (59, 96). The center of excitation energies is shifted from about 
2.8 MeV in 160Dy to 3 . 1 5  MeV in 164Dy. The total strength observed in this 
energy range is about 2.5-3.6 /15. 

The new M 1 mode is not restricted to the rare earth region. It can also 
be observed in the other well-known island of deformed nuclei, the actinide 
region. In spite of the increased experimental difficulties in both electron 
and photon scattering on these heavy nuclei, a joint Darmstadt/ 
Giessen/Koln/Stuttgart collaboration succeeded in detecting the orbi
tal M I  mode in 238U and 232Th (59, 97, 98). In 23RU four prominent 
transitions near 2.2 MeV could be observed in the (y, y') experiments (see 
Figure 2 1 )  whereas in 232Th the strength seems to be mainly concentrated 
in one transition at 2.043 MeV. The corresponding electron scattering 
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Figure 20 MI strength distribution in 
156Gd and strength distribution of 6.K = I 

dipole transitions in 158,I60Gd in the energy 
range of the orbital MI mode. 

form factors show the M l  character of these excitations, Furthermore, in 
both isotopes weaker M I transitions were detected at higher excitation 
energies: near 2,5 and 2.3 MeV respectively. 

Similar collective M I excitations occur even in light nuclei, as predicted 
first by Zamick for nuclei in the fp shell (99). The Darmstadt group 
detected a corresponding 1 + state in 46Ti at 4.3 MeV (93). In 48Ti, a 
triaxially deformed nucleus (1 00) in contrast to the symmetric rotator 46Ti, 
a pronounced splitting of the M I  strength (3.7 and 5,7 MeV) has been 
observed ( 101) .  

Comparing the experimental results with the theoretical values as  sum
marized in Table I ,  it is obvious that the excitation energies can be repro
duced well by SRA, GAD, and RPA calculations whereas the TRM 
prediction overestimates the excitation energy. However, it should be 
mentioned that a microscopic calculation of the restoring force reduced 
the excitation energy as calculated in macroscopic models to fairly exactly 
the experimental values ( 102). 

The experimental excitation energies can be used to adjust the Majorana 
parameter A of the IBA-2 Hamiltonian (see Equation 8). The ratio of the 
Majorana parameter to the deformation parameter J' turned out to be the 
same for nuclei of different deformations but of the same mass number A .  
The ratio follows the empirical relation 

Aft> = 4.3(NvN,,)- 1/2, 
where Nv, N" are the neutron and proton boson numbers respectively (98). 
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2 38 u ( V,V ') 
E:�ax=2.9MeV 
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E:xcitation Energy (MeV) 

Figure 21 Comparison of NRF and electron scattering spectra for 232Th and 238U (50, 97, 
98). The marked peaks correspond to orbital MI excitations. The strong peaks in the 232Th 
(y, y') spectrum at 2103 keY e08Pb, single-escape peak) and at 2212 keY e7 AI) are due to the 
radioactivity of the target and a calibration reaction, respectively. 

The total strength as calculated in macroscopic and RPA models (see 
Table I) seems to be too high in comparison to the experimental values. 
Furthermore, the A dependence given by the RP A calculations (increasing 
strength proportional to A 413) cannot be confirmed by the experimental 
findings so far. The IBA-2 results (39) qualitatively agree with the trend 
of the observed A dependence of the M I  strengths, In particular the 
predicted strength maximum at A = 1 64 has been confirmed by the (e, e') 
data (95). These findings could be corroborated by recent photon scattering 
experiments (59, 96) in which the highest R(Ml )  values have been found 
in 164Dy, too. The absolute values of the M l  strengths observed in the 
nuclei investigated so far are lower than the model predictions cited in 
Section 2.3 (TRM, SRA; RPA, GAD, and IBA-2). Closest to the exper
imental results are the I BA-2 predictions. As an upper limit an exhaustion 
of 70-90% of the IBA-2 sum rule values (in the rotational limit, bare 
boson g-factors) can be given for the Gd and Dy isotopes by summing up 
the strengths of all transitions detected in the high-sensitivity photon 
scattering experiments in the energy range of interest. 
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The current knowledge on the orbital M I  dipole mode was reviewed in 
more detail recently by Richter (97, 101) .  A survey of the most recent 
experimental and theoretical progress can be found in the proceedings 
of the International Conference of Nuclear Structure, Reactions, and 
Symmetries (Dubrovnik 1 986) (103). 

6. CONCLUSION AND OUTLOOK 
The investigation of M 1 excitations is a very lively field in nuclear physics. 
It was not possible here to cover the whole field completely. Therefore this 
article focussed mainly on experiments with real photons. Some interesting 
contributions, both experimental and theoretical, were not discussed: the 
successful studies of the fp shell with protons ( 104), electrons ( 105), and 
polarized photons; the many approaches to explain the experimentally 
observed reduction of M l  strength compared to sum rules; or a large 
number of theoretical articles dealing with the orbital M I mode. 

Some highlights were pointed out, such as the discovery of the isoscalar 
M I transitions in Pb nuclei or the discovery of spin vibrations in closed 
LS-shell nuclei. The importance of ground-state correlations was dem
onstrated in the systematic investigation of even-even sd-shell nuclei. That 
nuclear spectroscopy is still exciting was shown by the discovery of a so 
far unknown phenomenon, namely the orbital rotational oscillations of 
protons against neutrons in deformed nuclei. 

Nuclear resonance fluorescence techniques with linearly polarized pho
tons have progressed considerably. The development of new high-duty
cycle electron accelerators and the construction of new powerful sources 
of polarized synchrotron radiation (106) give confidence that this method 
of investigating nuclei has not been exhausted but has a very promising 
future. 
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