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Today’s Menu 
•  Aperitif:        Motivation 

•  Entrée:           Experimental setup and the “Oslo method” 
                        
•  Plat principal:  Level density and γ-strength functions results, effects  
                          of small resonances on (n,γ) cross section calculations.  

•  Dessert:      Conclusions and future plans 
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•  A measure of the average, nuclear electromagnetic response determined 
by the nuclear structure and the available degrees of freedom 

•  Directly related to partial decay widths and reduced transition 
probabilities 

•  Fruitful concept in the quasi-continuum/continuum region 
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What is γ-ray strength functions? 
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Experimental setup @ OCL 
• Beam: p, d, 3He, α with energies 
up to 30-45 MeV  

• Reactions: (3He,αγ), (3He,3He’γ), 
(p,p´γ), (d,pγ) and (p,tγ) 

• CACTUS: 28 5” x 5” NaI(Tl),  
ε≈15% @ Eγ=1.33 MeV 

• SiRi: 64 Si ΔE-E particle 
telescopes, Δθ≈2o 

• Spin 2-6 ħ 
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Isolating the 	

primary gamma ray:	
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Assuming dominance of dipole	

radiation (E1 and M1)	
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From the primary gamma spectra: 
 functional form of level densities and γ strength functions 
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γ-ray energy MeV 

148Sm 
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Thermodynamic properties of atomic nuclei 

147Sm 

146Sm 

Excitation energy MeV 

Le
ve

l D
en

si
ty

 M
eV

-1
 

Excitation energy (MeV) 

€ 

S(E) = kB ln ρ(E) /ρ0[ ]

Level density ⇒ entropy ⇒ temperature 

1)()(
−

"
#

$
%
&

'
∂

∂
=

VE
ESET pairing phase transition 

EGAN 2012 workshop  June 25- 28 



Small (Pygmy) resonances on the  
tail of the Giant Dipole Resonance 

S.Siem et al. PRC(2002) 
U.Agvaanluvsan et al.  
PRL(2009) EGAN 2012 workshop  June 25- 28 



S. Goriely Phys. Lett. B 436 (1998) 

Can small resonances in the 
strength function effect the results of 
abundance calculations? 
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Low energy enhancement (upbend) of  

the strength function 

Totally unexpected and so far unexplained 

57Fe 
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How does this enhancement 
effect reaction cross sections? 
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Assuming the strength functions of Mo 
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How does the “upbend” affect neutron capture cross sections? 
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A.C.Larsen et al. PRC (2010) 
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Si(Li) 
4.5 mm 

CsI 3 cm 
4 x 4 
segments 

Si  strips 
300 µm 
100 x 100 mm2 

X, Y , T, E 
128X 
128Y 

ΔE 

Future: measure level 
densities and strength 

functions in exotic nuclei 
AGATA 

p or 3He 
target 

α γ 
MUST2 

SPIRAL2 or HieISOLDE 
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Gurevich et al 
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M.	  Gu&ormsen	  et	  al	  submi&ed	  PRL	  

Nuclear data for reactor physics:  
Level density  and strength functions in the actinide region	  

232Th(d,p)233Th	  

Scissors	  mode?	  



232Th(d,p)	  

Sn	  
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Region	  A	  
Region	  B	  

Test	  of	  Brink-‐Axel:	  
Two	  staCsCcal	  independent	  data	  sets	  
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TABLE II: Scissors mode parameters (see text).

Nuclide d wM1 BM1 wM1S�1

MeV µ2
N µ2

N
231Th 0.183 2.49(20) 11.2(30) 17.4
232Th 0.192 2.23(20) 13.8(40) 15.8
233Th 0.200 2.24(10) 15.3(20) 16.0
232Pa 0.192 2.14(20) 14.7(40) 15.1
233Pa 0.192 2.29(20) 12.7(30) 16.3

resonance of BM1 = 9.7(15)µ2
N and the second of 5.6(7)µ2

N .
The corresponding energy splitting is DwM1 = 0.65(3) MeV.

There are various models for the SR properties [5], and we
choose here the sum-rule approach [24]. By multiplying the
resonance centroid wM1 with the inverse energy-weighted sum
rule S�1 we obtain the SR strength:

BM1 = wM1S�1 = wM1
3

16p
QIV(gp �gn)

2µ2
N . (7)

We use bare gyromagnetic factors for the protons (gp = 1) and
neutrons (gn = 0). Since our measurements are in the quasi-
continuum, the isovector moment of inertia QIV is taken as the
rigid-body moment of inertia Qrigid =

2
5 mNr2

0A5/3(1+0.31d )
with r0 = 1.15 fm and d is the nuclear quadrupole deforma-
tion taken from [25]. Figure 4 displays the extracted SR en-
ergy distributions for the five nuclei measured in this work.
The centroids wM1 and strengths BM1 are summarized in Ta-
ble II. The agreement with the predicted sum-rule strength is
gratifying.

Although not completely evident for all five nuclei, we as-
sume that the SRs have two components as shown as dashed
Lorentzians in Fig. 4. Typically, the experimental splitting is
DwM1 ⇠ 0.7 MeV, and the ratio of the strengths between the
lower and upper resonance components is B2/B1 ⇠ 2.

The splitting could be due to g deformation, which splits
the SR into three components [24] where the two first have

w1 = (cosg +h sing)wM1, B1 =
1
2
(cosg +h sing)BM1, (8)

w2 = (cosg �h sing)wM1, B2 =
1
2
(cosg �h sing)BM1, (9)

with h =
p

1/3. In order to describe the observed splitting of
⇠ 0.7 MeV, a deformation of g ⇠ 15� is required. With this
choice, we obtain theoretically B2/B1 ⇠ 0.7, which is not in
accordance with the observed ratio. The third SR component
is fragmented around w3 = 2h sing wM1 ⇠ 0.7 MeV and car-
ries a strength of B3 ⇠ 0.5µ2

N , only. This prediction is very
difficult (if at all possible) to verify experimentally.

In conclusion, a large integrated SR strength is found
in several actinides with centroids around wM1 ⇠ 2.2 MeV.
The strength, which is well described by the inverse-energy
weighted sum rule, is about three times larger than the GEDR
contribution.

It is reasonable to believe that the SR will appear for all
deformed nuclei in this mass region. The presence of the
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FIG. 4: (Color online) The SR for the five nuclei studied. Approxi-
mate GEDR tails are subtracted from the total RSFs as demonstrated
in Fig. 2.

SR will effectively enhance the g-decay probability for ex-
citations above the neutron binding energy. As a result, the
increased calculated (n,g) cross sections for actinides with in-
sufficient or lacking experimental data could have a significant
impact on fuel-cycle calculations of fast nuclear reactors. In
addition, it has the potential of improving the nuclear-physics
aspect of the nucleosynthesis in the actinide region.

The energy splitting of the SR could indicate a deformation
of g ⇠ 15�. However, theory predicts that the higher SR com-
ponent has the strongest strength in contradiction with the ob-
servations. Therefore, the splitting may be due to other mech-
anisms.

We would like to thank E.A. Olsen, A. Semchenkov and
J. Wikne at the Oslo Cyclotron Laboratory for providing the
stable and high-quality deuterium and 3He beams during the
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in Fig. 2.
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stable and high-quality deuterium and 3He beams during the
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from neutron resonance spacings D. We assume a spin distri-
bution [19]

g(E, I)' 2I +1
2s2 exp

⇥
�(I +1/2)2/2s2⇤ , (4)

where E is excitation energy, I is spin and s is the spin cut-
off parameter. For the actinides studied here, we have typ-
ically s(Sn) = 6� 7h̄, which gives significantly more high-
spin states than populated in the light ion reactions used [20].
Thus, the total experimental level density has to be multiplied
with a reduction factor to serve as normalization to the exper-
imental r by x ⇠ ÂImax

I=Imin
g(Sn, I), where Imin and Imax define

the reaction spin window.
The last parameter B can be determined by reproducing the

total g-radiation width hGgi from neutron resonance data. In
the present work we have followed the normalization proce-
dure of [21] and references therein. In the cases where neutron
resonance data are missing, we use values based on the sys-
tematics of neighboring nuclei. The parameters applied for
the normalizations are listed in Table I. The level density pa-
rameter a and back-shift parameter E1 are used to estimate
the total level density r from the level density spacing D from
neutron resonance capture.

Provided that dipole radiation is dominant in the quasi-
continuum, the RSF can be calculated from the normalized
transmission coefficient by [22]

f (Eg) =
1

2p
T̃ (Eg)

E3
g

. (5)

Figure 2 shows the RSF for 233Th together with the GEDR
data [23] on 232Th.

The observed excess in the RSF is interpreted as the SR for
several reasons. It is positioned around Eg = 2.2 MeV, which
fits the systematics from nuclei studied in the rare-earth re-
gion. Also, previous measurements for the SR built on the
ground state [9–11] reveal centroids around 2.2 MeV of exci-
tation energy, and several states in these studies are proven to
be populated by M1 transitions. To our knowledge, the SR is
the only known candidate for a soft collective mode at these
energies.

In order to extract the SR component of the total RSF, we
use the extrapolated tail of the giant electric dipole (GEDR)
and giant magnetic dipole (GMDR) resonances, see solid line
of Fig. 2. This tail is tailored to fit the low and high g-energy
part of the experimental RSF data of the various actinides
studied. Of course, this is not an ideal situation, and only
photo-nuclear reaction data for 232Th exist in literature. On
the other hand, the background contributes only ⇠ 30% to the
total RSF. The uncertainty in fGEDR will introduce some er-
rors in the total SR strength, but is negligible for the centroid
and the width of the SR energy distribution.

The present 232Th(d,p)233Th experiment gave a rich data
set. In fact, two statistically independent data sets of the
P(E,Eg) matrix could be analyzed and compared. Figure 3
shows the SR energy distributions and resonance parameters
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FIG. 3: (Color online) The observed SR for various excitation-energy
regions of 233Th. The strengths are obtained by subtracting the un-
derlying tail of the GEDR and GMDR (see Fig. 2). The data of the
two upper panels are based on statistically independent data sets. The
RSF for the lower panel is extracted for simultaneous fitting of the
two data sets together, giving approximately the average of the two
upper RSFs. The resonance centroid w , width G and strength s are
given for the lower and higher resonance components.

of 233Th from initial excitation energies E = 3.2� 3.9 MeV
and E = 4.0�4.8 MeV. In the lower panel, the result from a fit
to the whole excitation region, E = 3.2� 4.8 MeV, is shown
for comparison. The centroids and the strength of the two SRs
are almost identical. The width increases somewhat in the
higher excitation-energy region, but a corresponding reduc-
tion in the s parameter maintains the strength. We conclude
that the similarity of the two distributions supports the validity
of the Brink hypothesis in this energy and mass region.

It is evident from the two data sets that the SR is split into
two Lorentzians. From the resonance parameters of Fig. 3, the
integrated BM1 strengths of the components can be calculated
by

BM1 =
9h̄c

32p2

✓
sG
wM1

◆
, (6)

giving for the whole excitation region a strength of the first

Ø  The scissor mode in actinides has huge 
strength of ~18 µ2 

Ø  The strength is located lower Eγ ~2 – 2.5 MeV 
than for rare earth nuclei 2.5 – 3 MeV, 
indicating more softness 

M. Guttormsen et al submitted PRL 



New PPAC fission detector 
Buildt by Tamas Tornyi (Debrecen), on a stipend in Oslo. 
 
Important for actinide studies 
 
First experiment with PPAC detector: 
237Np(d,p)  and 237Np(3He, x) May 2012  (T. Tornyi PhD) 
238U(d,p)   June 2012  (B.Jurado) 
 
233U exp September 2012 (S.J.Rose PhD ) 
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Bn 

• Better time and energy resolution  
• high efficiency for high energy gamma rays. 
 
• Extend Oslo method to Ex above Bn. 

• Study competition between γ and particle decay. 

• Study spin dependence of level density 
 
• March 2012 exp in Oslo with 6 LaBr3 (3.5”x8”) 
barrowed from the Milano group, Thank you! 

• We recieved funding for first 2 LaBr3 in 2012 ;-)  
A 

A-1 

Gate 

Future plans:  
Replace CACTUS detectors with LaBr3 detectors 
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studied. Of course, this is not an ideal situation, and only
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the other hand, the background contributes only ⇠ 30% to the
total RSF. The uncertainty in fGEDR will introduce some er-
rors in the total SR strength, but is negligible for the centroid
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FIG. 3: (Color online) The observed SR for various excitation-energy
regions of 233Th. The strengths are obtained by subtracting the un-
derlying tail of the GEDR and GMDR (see Fig. 2). The data of the
two upper panels are based on statistically independent data sets. The
RSF for the lower panel is extracted for simultaneous fitting of the
two data sets together, giving approximately the average of the two
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of 233Th from initial excitation energies E = 3.2� 3.9 MeV
and E = 4.0�4.8 MeV. In the lower panel, the result from a fit
to the whole excitation region, E = 3.2� 4.8 MeV, is shown
for comparison. The centroids and the strength of the two SRs
are almost identical. The width increases somewhat in the
higher excitation-energy region, but a corresponding reduc-
tion in the s parameter maintains the strength. We conclude
that the similarity of the two distributions supports the validity
of the Brink hypothesis in this energy and mass region.

It is evident from the two data sets that the SR is split into
two Lorentzians. From the resonance parameters of Fig. 3, the
integrated BM1 strengths of the components can be calculated
by

BM1 =
9h̄c

32p2

✓
sG
wM1

◆
, (6)

giving for the whole excitation region a strength of the first



Future outlook and challenges: 

Ø  Ongoing analysis: 105-108Pd, 59,60Ni, 90-92Zr, 105,106,111,112Cd, 
235U, 237,238Np, and 74Ge  

Ø  What is the origin of the enhancement of low energy γ 
emission of exited nuclei.    

Ø  Impact of this enhancement/pygmy resonances on large 
network calculations of formation of elements in stars. 

Ø  Go to higher spin, investigate the level density as a 
function of both spin and temperature.  

Ø  Develop the Oslo method for inverse kinematics to study 
neutron rich exotic nuclei.  

"
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