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Abstract. The method of relative self absorption is based on the technique of nuclear resonance fluorescence

measurements. It allows for a model-independent determination of ground-state transition widths, natural level

widths, and, consequently, of branching ratios to the ground state for individual excitations. Relative self-

absorption experiments have been performed on the nuclei 6Li and 140Ce. In order to investigate the total

level width for the 0+1 , T = 1 level at 3563 keV in 6Li, a high-precision self-absorption measurement has been

performed. In the case of 140Ce, self absorption has been applied for the first time to study decay widths of

dipole-excited states in the energy regime of the pygmy dipole resonance.

1 Introduction

The Relative Self-Absorption (RSA) [1, 2] approach al-

lows for the direct determination of ground-state transition

widths Γ0, of natural level widths Γ, and, as a consequence,

also of branching ratios Γ0/Γ to the ground state of individ-

ual states in a model-independent way. Self-absorption ex-

periments are based on Nuclear Resonance Fluorescence

(NRF) [3], i.e., photon-scattering measurements. Due to

the low angular momentum transfer of photons, they are

ideally suited to study low-lying dipole excitations up to

the neutron separation threshold.

Various topics can be addressed via the RSA tech-

nique. RSA can be exploited to measure life-times τ of

excited states below τ ∼ 10−12 s. Being independent from

any calibration standards, it allows, in turn, for an im-

provement of the accuracy of calibration standards that

are, e.g., used in NRF measurements for the photon-flux

calibration [4]. In the present work, the level width Γ of

the Jπ = 0+1 state with isospin T = 1 of 6Li at an exci-

tation energy of 3.56 MeV has been addressed. This state

is the first state in a light nucleus which predominantly

decays via the emission of γ rays. The decay to the 1+

ground state is of M1 character and the total decay width

was previously measured to Γ = 8.19(17) meV [5]. Pre-

cise knowledge of this decay width serves as a test case

for various models such as ab-initio calculations. For in-
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stance, recently, it has been demonstrated that chiral cur-

rents can contribute up to 10 % to M1 transition strengths

[6]. However, for a sensitive test of these contributions, a

measurement of the M1 decay width of the 0+1 level of 6Li

to an accuracy of better than 1 % is desirable.

Additionally, the excitation and the decay pattern of

individual states can be investigated at the same time.

Only recently, NRF measurements exploiting the quasi--

monochromatic γ-ray beams provided by the High In-

tensity �γ-Ray Source (HI�γS) [7] at Triangle Universities

Nuclear Laboratory (TUNL) in Durham, NC, USA have

been performed to investigate the average decay pattern of

dipole-excited states in the energy regime of the Pygmy

Dipole Resonance (PDR) [8–12]. The PDR is an accumu-

lation of enhanced E1-transition strength in the vicinity

of the neutron-separation threshold [13]. Although often

related to an out-of-phase oscillation of excess neutrons

against the isospin-saturated core, its nature is still under

debate and its properties are not yet fully determined. The

measurements at HI�γS revealed that on average the de-

cay via intermediate states, i.e., not directly to the ground

state, cannot be neglected. However, at present, the ex-

perimental picture for the individual levels is not clear.

Consequently, a determination of Γ0 and Γ0/Γ for individ-

ual states is highly desirable to provide new information

on the decay pattern of the PDR. Therefore, a relative self-

absorption experiment on the semi-magic nucleus 140Ce

has been performed.
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The measurements on 6Li and 140Ce have been con-

ducted at the Darmstadt High Intensity Photon Setup

(DHIPS) [14]. An extensive description of the measure-

ments and the analysis is provided in Ref. [2]. In the fol-

lowing, the method of RSA will be introduced shortly.

Furthermore, the results achieved from both measure-

ments will be presented and discussed.

2 The RSA Method

In RSA experiments, an absorption target (absorber) made

of the material of interest is irradiated with a γ-ray beam

and the modified photon flux having passed through the

absorber is investigated. In particular, the resonant absorp-

tion of photons resulting in absorption lines in the spec-

tral distribution is studied. The resonant-absorption effect

is directly related to the ground-state transition width Γ0.

Absorption lines are more pronounced for excited states

with large Γ0 and, thus, a measure for this quantity. How-

ever, being mostly a few eV wide and being also affected

by atomic-attenuation effects in the absorber, they can-

not be measured directly exploiting high-resolution γ-ray

spectroscopy. At this point, the idea of self absorption en-

ters, suggesting to use a scattering target (scatterer) which

is made of the same material as the absorber to quantify the

resonant absorption in the absorber. For this purpose, com-

monly two measurements are performed, the actual RSA

measurement where the γ-ray beam passes through the ab-

sorber before irradiating the scatterer and a standard NRF

measurement where the scatterer is irradiated with an un-

modified beam. In this scenario, the self absorption

R =
NNRF − NRSA/f

NNRF

(1)

is defined as the relative decrease of the number of NRF

reactions NRSA in the scatterer in the RSA measurement

with respect to the corresponding number of reactions

NNRF in the NRF measurement, i.e., the NRF measure-

ment serves as a reference. However, the decrease of NRF

reactions cannot solely be attributed to resonant absorp-

tion of photons. It is also affected by atomic attenuation

effects. Those can be corrected for by measuring relative

to a monitoring target (monitor) which, for this purpose,

is added to the scatterer. Ideally, the monitor has a few

strongly excited states which are well distributed over the

regarded energy range. The transition widths of the moni-

tor must not be known. The decrease of NRF reactions in

the monitoring target is exclusively attributed to atomic at-

tenuation effects. Consequently, with the number of scat-

tering reactions Nmon
NRF

and Nmon
RSA

in the monitor, a correc-

tion factor f = Nmon
RSA/Nmon

NRF
can be determined which allows

for the correction of the atomic-attenuation effect. Addi-

tionally, the monitor corrects for variations of measuring

times, photon-flux intensities, dead times, and other pos-

sible global normalisation factors. Consequently, the sys-

tematic uncertainties are drastically reduced.

The experimentally determined self absorption has to

be compared to an analytically deduced expression of the

0

40

80

120

160

10
3
C
ou
nt
s
/1
.3
ke
V

2 3 4 5

E (MeV)

w/o Absorber
w/ Absorber (+100 keV), normalised

6Li
11B 6Li

11B

Figure 1. (Colour online.) 6Li spectra recorded during the NRF

(red) and the RSA (blue) measurement. The RSA spectrum is

shifted by 100 keV for the sake of clarity. It has been normalised,

i.e., the correction factor f has been applied to this spectrum.

self absorption RΓ0,Γ depending on Γ0 and Γ to extract these

quantities. It is obtained via

RΓ0,Γ =

∫ ∞
−∞
∫ dA+dS

dA
α(E, z) · dEdz

∫ ∞
−∞
∫ dS

0
α(E, z) · dEdz

, (2)

where the resonance-absorption density α(E, z) is inte-

grated over the effective length of the scatterer. It repre-

sents a measure of the probability for resonant absorption

of a photon with energy E at a penetration depth z into the

target. The quantities dA and dS denote the thickness of

the absorber and the scatterer.

From a comparison of R and RΓ0,Γ, the ground-state

transition width Γ0 can be extracted. In combination with

the result for Γ2
0/Γ from the NRF experiment, the natural

level width Γ and subsequently the branching ratio Γ0/Γ to

the ground state can be deduced, as well. During the analy-

sis, the so-called Bayesian approach [15] and the principle

of maximal information entropy [16] have been exploited.

In this approach, probability-density functions of all quan-

tities have consequently been used to propagate the uncer-

tainties in the measurement. This approach allows also for

the exclusion of non-physical parts of these distributions

such as R < 0 or Γ0/Γ > 1. The results presented in the fol-

lowing are the most probable values of these probability-

density functions together with the 68.3 % confidence in-

terval surrounding it. However, these numbers should not

be misinterpreted as classical Gaussian uncertainties.

3 High-Precision RSA Measurement on 6Li

Figure 1 shows the spectra that have been taken during the

NRF and the RSA measurement on 6Li. The RSA spec-

trum has been normalised to the NRF spectrum exploit-

ing a 11B monitoring target. Therefore, the peaks corre-

sponding to transitions of 11B are equally high. The de-

viation between the measured intensities corresponding to

the ground-state transition of the 0+1 state of 6Li can be
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Figure 2. (Colour online.) (a) Ground-state transition widths

and (b) the corresponding branching ratios to the ground state

for 29 excited states of 140Ce as determined from the RSA mea-

surement. The blue squares represent the results of the Bayesian

analysis approach, whereas the red circles correspond to a con-

ventional analysis. The green lines mark Γ0 = Γ.

exclusively attributed to resonant absorption. The self ab-

sorption of this level accounts to R = 0.5193(15) corre-

sponding to a relative uncertainty of only 0.3 %. For the

measurements, Li2CO3 has been used as target material.

However, the Debye temperature, a crucial ingredient of

the analysis of RSA measurements, of 6Li in this chemical

compound is not yet measured. Consequently, the corre-

sponding M1 decay width cannot yet be determined. Nev-

ertheless, independent of the actual Debye temperature the

relative uncertainty of the decay width accounts to ∼ 1.1 %

which demonstrates the high precision achievable with the

RSA approach.

4 Decay Pattern of the PDR in 140Ce

From the RSA experiment on 140Ce, ground-state transi-

tion strengths as well as branching ratios to the ground

state have been determined for 29 excited states in the en-

ergy regime of the PDR. The corresponding results are

shown in Fig. 2 as a function of Γ2
0/Γ, which is the result

of the NRF measurement on 140Ce. Figure 2 (a) depicts

the ground-state transition widths Γ0. The green line cor-

responds to Γ0 = Γ2
0/Γ, i.e., Γ0/Γ = 1. In most cases, the

results for Γ0 agree with this line within their 68.3 % con-

fidence interval. Thus, they predominantly decay directly

to the ground state. However, in particular the weaker ex-

cited states exhibit also values of Γ0 that are larger than Γ2
0/Γ

which means that they have a branching ratio to the ground

state being smaller than one. Eventually, in a few cases, Γ0

has been found to be significantly smaller than Γ2
0/Γ which

would correspond to a non-physical branching ratio to the

ground state being larger than one. Those cases may be

explained when an observed peak in the measured spec-

tra corresponds to two levels being located within such a

close proximity to each other that they cannot be resolved

with the given experimental resolution. In such a case, the

self absorption of the supposedly single state with com-

bined photon scattering cross section ∝ Γ′2
0 /Γ

′ =
∑
Γ2

0,i/Γi

would be overestimated as compared to the true self ab-

sorption values due to the individual widths Γ0,i < Γ′0 re-

sulting in a too large or even non-physical value for the

would-be branching ratio Γ′0/Γ
′.

The corresponding ground-state branching ratios Γ0/Γ
are shown in Fig. 2 (b). The red circles correspond to a

conventional analysis of the RSA experiment, whereas the

blue squares illustrate the results of the Bayesian analy-

sis approach. With this approach, the non-physical part
Γ0/Γ > 1 has been excluded. As a consequence, branching

ratios being larger than one are shifted to the physically

allowed region. The obtained data for Γ0/Γ show that the

rather strongly excited states decay predominantly directly

back to the ground state. In contrast, more weakly excited

states exhibit smaller branching ratios to the ground state

and, hence, also decay via intermediate states.

These observations provide a first detailed insight in

the decay pattern of the pygmy dipole resonance and may

be used for a comprehensive test of the nuclear statistical

model in the energy regime of the PDR.
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