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___________________________________________________________________________
 

Abstract In the present proceedings analysis simulations of the Temperature-dependent Relative Self-

Absorption (TRSA) technique are presented together with the experimental setup developed at the 

Technische Universität Darmstadt dedicated for TRSA measurements. The analysis simulations show that 

precise level width measurements can be achieved, with uncertainties down to some parts per thousand. 

Keywords Nuclear Resonance Fluorescence, Temperature-dependent Relative Self-Absorption, 
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___________________________________________________________________________
 

INTRODUCTION 

Lifetimes, level widths, and decay strengths are some of the fundamental properties of excited nuclear 

quantum states. Their precise measurement is important for both the structural classification of atomic 

nuclei and testing the modeling of nuclear forces and nuclear quantum transitions, especially for light 

nuclei for which precise theoretical calculations can be performed nowadays [1]. A well-known 

technique to obtain lifetimes, level widths, and decay strengths in a wide range of energies is the use of 

Nuclear Resonance Fluorescence (NRF) and Self-Absorption (SA) [2-4]. In recent years, an advanced 

version of the SA technique, called Relative Self-Absorption (RSA), has been developed [5]. It has 

been demonstrated that this technique provides reduced systematic uncertainty for values of the level 

widths compared to traditional NRF and SA measurements, opening a promising field of research. 

As an example, the lifetime and reduced transition probabilities of the first excited 0+ state of 6Li 

has been studied with the RSA technique [1]. This isotope is particularly interesting as its low mass 

number allows for detailed ab-initio calculations of its structure. An experimental uncertainty of the 

half-life of this 0+ state in the range of an attosecond made the observation of the impact of effective 2-

body currents possible. The unprecedented uncertainty of 2% on the transition probability for this state, 

allowed to test the effects of the similarity renormalization group evolution and the inclusion of 2-body 

currents in the ab-initio calculations. 

However, in RSA, the analysis of the data at this level of precision requires information on the 

details of the thermal motion of the nuclei of interest in the target, such as the effects of the zero-point 

motion of the nuclei in the molecular potential. For their consideration, knowledge on the so-called 

effective temperature (Teff) of the target nuclei is needed [4]. The effective temperature of a given target 

can be inferred, e.g., by the Debye model [6] with the knowledge of the so-called Debye temperature 

(TD). However, the Debye temperature is not always available (especially for compound targets) and 

even difficult to measure to the level of accuracy needed for high-precision studies. 

Due to the thermal motion of the target nuclei and quantum-mechanical lattice vibrations the 

photonuclear absorption resonance becomes wider in the laboratory frame in comparison to nuclei in 

rest. The resulting broadened resonance can be described with the Doppler broadened absorption cross 
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section (σD
r). In Figure 1 (left) one can see how σD

r is changing with different target temperatures. The 

σD
r, for Γ<<Δ (with Γ the total level width), is: 

𝜎𝑟
𝐷 ∝ 𝛤0𝑒

−(
𝐸−𝐸𝑟

𝛥 )
2

(1) 

with Γ0 the ground-state level width, Er the resonance energy and Δ the Doppler width. Δ can be 

described by: 

𝛥 = √
2𝑘𝐵𝑇

𝑀𝑐2 𝐸𝑟 (2) 

with the mass M of the nucleus, the Boltzmann constant kB and T the temperature of the target [7]. The 

temperature T for a solid target is replaced by the Teff [2,8]. The Teff is given by the Debye model (Eq. 

3). In Fig. 1 (right) the Teff is plotted for an “arbitrary” material (with TD=500 K) over the 

thermodynamical temperature T (the one measured in the lab). One can notice that for relatively low 

thermodynamical temperatures the difference between the Teff and T is not negligible. The effective 

temperature Teff only asymptotically approaches the thermodynamical temperature T as T→∞. For 
measurements at room temperature, calculations for the effective temperature are required. 

𝑇𝑒𝑓𝑓 ≈ 3𝑇 (
𝑇

𝑇𝐷
)

3

∫

𝑇𝐷
𝑇

0

𝑡3 (
1

𝑒𝑡 − 1
+

1

2
) 𝑑𝑡 (3) 

 

Figure 1. (left) Absorption cross section for different target temperatures. (right) Teff for an “arbitrary” material 

(with TD=500 K) over the thermodynamical temperature T (the one measured in the lab). For low temperatures 

Teff∝TD, while for large temperatures Teff≈T. The T=70, 295, and 773 K are marked in the plot. 

The measurement reported for 6Li (performed at room temperature using Li2CO3 targets, for which 

the TD is not known) relied on a calculation of the effective temperature. This calculation was adopted 

as the average of slightly deviating predictions from two state-of-the-art molecular density functional 

theory models. In fact, the uncertainty of the molecular modeling set the limit of the achievable accuracy 

on the extracted nuclear decay strength. 

In this article the Temperature-dependent Relative Self-Absorption (TRSA) technique is presented, 

which can overcome the limitations of the RSA related to the preexisting knowledge of the thermal 

motion properties of the targets used in the measurement [9]. 
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Figure 2. (left) The RSA NRF technique. NRF measurements are performed with (w/ A) and without (w/oA) the 

absorber in place. The filled peaks are from the scatterer (Nw∕ A and Nw∕oA in eq. 4), while the empty peaks are from 

the reference target (f in eq. 4). The volume difference between the two cases, w/o (blue) and w/ (red) the absorber 

in place, in the scatterer’s peaks is from the resonance absorption in the absorber and the atomic absorption in 

it, while in the reference target’s peaks the difference in the volume occurs only because of the atomic absorption 

in the absorber. The relative self-absorption value Rexp is defined in eq. 4 and can be measured from the two 

spectra. By simulating the experiment, numerical computations of the relative self-absorption, Rcom, values are 

performed for different Γ0 values (eq. 1). The computations consider the specific data of the state of interest, like, 

spin, excitation energy, ground-state decay branching ratio, Doppler width, and atomic absorption. The Γ0exp is 

measured by fitting the measured Rexp value to the Rcom. (right) Level schema of hypothetical nucleus with: M=12 

u, TD=500 K and an excited state (i) at 4 MeV with Γ=1 eV. 

THE TEMPERATURE-DEPENDENT RELATIVE SELF-ABSORPTION (TRSA) 

TECHNIQUE 

An advanced RSA technique for level width measurements, the Temperature-dependent Relative 

Self-Absorption (TRSA) technique, was developed and tested in the Technische Universität Darmstadt. 

The advantage of this technique, over the regular RSA, is the possibility to overcome the needed 

knowledge for the thermal properties of the targets used in the measurements and in practice the 

uncertainty that their level of knowledge introduces, allowing for high-precision measurements of the 

level widths. TRSA experiment-simulations show that level width measurements with uncertainties of 

some parts in a thousand (1-2‰) are possible [10]. 

In TRSA multiple RSA measurements are performed with the targets at several different 

temperatures (minimum two) and the relative self-absorption, RT
exp, value for each temperature case is 

measured. A short description of the RSA technique is given in Figure 2 (left), for a detailed description 

one can refer to Refs. [1,4,5,11]. The relative self-absorption R value is defined as: 

𝑅 = 1 − 𝑓
𝑁𝑤/ 𝐴

𝑠𝑐

𝑁𝑤/𝑜 𝐴
𝑠𝑐 (4) 

with N the counts in the peak of interest from the scatterer and f=Nref
w∕oA/Nref

w∕ A a normalization factor 

of the two measurements performed, w/ and w/o absorber, for the atomic absorption in the absorber. 

Extending the RSA technique to TRSA, by scanning large ranges of each of the two unknown 

parameters, Γ0 and TD, numerical computations of the relative self-absorption RT
com, for each 

temperature case, are performed. The experimental Γ0 and TD values are measured by fitting 

simultaneously all RT
exp values - from all temperature cases - to the RT

com values. This simultaneous fit 

of the two parameters makes the TRSA technique independent of any theoretical calculation for the Teff 

and any uncertainty in the TD. Allowing high-precision level width measurements with reduction of the 

systematic uncertainties of the measured transition matrix elements originating from the thermal 

properties of the materials. 
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TRSA analysis simulations 

Simulations for a TRSA experiment for a hypothetical case have been made and will be presented 

in this subsection. An isotope with mass M=12 u and TD=500 K has been considered with an excited 2+ 

state, state i, at energy Ei=4 MeV with level width Γ=1 eV (Fig. 2 (right)). The branching ratio to this 

excited state was considered equal to Γ0 ∕ Γ=10% (partial level width Γ0=0.1 eV, the measurement of 

which is the purpose of the simulated experiment). The state i can de-excite to the 3+ ground state or to 

the intermediate 1+ state, state j, at Ej=2 MeV with Γj ∕ Γ=60%. The later transition, with Eγ=2 MeV, 

was measured in the simulated experiment. The population of the state j, following the excitation of the 

state i from the ground state, is Γ0Γj ∕ Γ=0.06 eV. For the simulated experiment a 11B target was chosen 

as the reference target. The decaying γ-ray from the 1/2− state in 11B with energy 2.125 MeV was used 

for the normalization factor f (eq. 4). 

The ries code [12] was used to simulate the TRSA measurements at three thermodynamical 

temperatures, at T=70 K, 295 K, and 773 K, with all targets (absorber, scatterer, and reference) at the 

same temperature in each case. The following notation will be used from now on for the targets’ 

temperatures during the measurements, T[Tabs in K, Tsc in K], with Tref=Tsc. As can be seen in Fig. 1 

(left), the resonance cross-section for the state of interest, state i, in each temperature is different. The 

absorption is stronger for lower temperatures. For all three temperature cases the reaction rates for the 

RSA (w/ and w/o absorber) measurements were calculated for the scatterer and the reference targets. 

The expected γ-spectra for each temperature case were calculated with a random Gaussian 

distribution generator and the following experiments’ characteristics: measuring time w/o absorber=2.5 

days, measuring time w/ absorber=7.5 days, detection efficiency at 2 MeV 𝜖(2 MeV)=1E-3, number of 

photons at 2 MeV Nph(2 MeV)=1E9 photons/MeV [13], and energy resolution at 2 MeV FWHM(2 

MeV)=3E-3 MeV. From the spectra generated, the RT
exp value for each temperature case was measured. 

The RT
exp values were: R[70,70]

exp=0.43, R[295,295]
exp=0.34, and R[773,773]

exp=0.20. For the following analysis 

these RT
exp values were considered as the results of the TRSA experiment and the only known 

information. In reality, in a TRSA experiment, in which neither the level width Γ0 or the Debye 

temperature TD of the material examined are known (like in the case of the 6Li RSA measurements in 

Ref. [1], where Li2CO3 targets were used), the only known information would be the spectra measured 

during the TRSA measurements, thus the RT
exp values. 

As mentioned before, extending the RSA technique in TRSA, numerical computations simulating 

the measurements can be performed for different Γ0 and TD values. By scanning large ranges of each of 

the two parameters the relative self-absorption RT
com values can be calculated for each Γ0 and TD 

combination. For the three temperature cases, T[70,70], T[295,295], and T[773,773], the RT
com contours 

were calculated and can be seen in Fig. 3. As it can be seen, for each temperature case, the contours 

near the area of interest (Γ0~0.1 eV and TD~500 K) have different slopes. 

 

 

Figure 3. RT
com contours for T[70,70], T[295,295], T[773,773] near the area of interest (Γ0~0.1 eV, TD~500 K). 
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Figure 4. (left) Areas of Γ0 and TD combinations in which the RT
com=RT

exp ± σRTexp (with σRTexp=1%) for the three 

TRSA measurements, with T[70,70], T[295,295], and T[773,773]. The area where the three regions meet, the 

area of coincidence (shown with a black box), corresponds to the Γ0 and TD combinations which can be verified 

by all three measurements. (right) The area of coincidence for several uncertainties in RT
exp, 1%, 0.5%, and 0.1%. 

For a certain area (Γ0 and TD combinations) the RT
com values are equal to RT

exp ± σRTexp. This area 

is setting the experimental constraints for Γ0 and TD. For the T[70,70] case, with R[70,70]
exp=0.43±1%, 

this area is shown with blue in Fig. 4 (left). In the same Figure the experimental constraints from the 

T[295,295] and the T[773,773] cases are shown with orange and red, respectively. For a certain area, 

the area of coincidence, the three areas of the experimental constraints meet. For this area the Γ0 and TD 

combinations are verified by all measurements. The true values of the two parameters are within the 

ranges of the area of coincidence, shown with a black box in Figure 4 (left). 

The size of the area of coincidence is relative to the uncertainty of the experimental relative self-

absorption value σRTexp, which depends on several factors, such as: the cross-section, the measuring 

time, the detection efficiency and more. The area of coincidence for σRTexp=1% for all TRSA 

measurements is shown in blue in Fig. 4 (right). The projection of the area of coincidence in the two 

axes gives Γ0exp=0.1 eV with σΓexp<2% and TDexp=500 K with σTDexp<4%. If the relative self-absorption 

in each one of the TRSA measurements is measured with an uncertainty of 0.5% then the area of 

coincidence is smaller (shown in orange in Figure 4 (right)) and the uncertainties in the Γ0exp and the 

TDexp after the projection are smaller too, <1% and <2% respectively. If the self-absorption in each one 

of the TRSA measurements is measured with an uncertainty of 0.1%, as it was done in the RSA 

measurement in 6Li [1], then the area of coincidence is even smaller (shown in green in Fig. 4 (right)) 

and the uncertainties in the Γ0exp and the TDexp after the projection are even smaller too, <0.2% and 

<0.3% respectively. Both uncertainties are reaching the extremely low limit of some parts in a thousand. 

As can be seen in Fig. 4 (left), the area of coincidence is defined by the TRSA measurements with 

T[70,70] and T[773,773], while the measurements with T[295,295] serve only as a validation of the 

coincidence. In the TRSA measurements described above (with T[70,70], T[295,295], and T[773,773]) 

measurements in six settings are needed in total. For each temperature case a measurement w/ and a 

measurement w/o absorber are needed. A high precision on Γ0exp though (σΓexp<0.3%) can also be 

achieved with measurements in a smaller number of settings. If the temperature of the scatterer is kept 

constant, then only one measurement w/o absorber is needed, reducing the total number of settings 

needed to four. 

By this analysis it is clear that high precision Γ0 measurements, in the limit of some parts in a 

thousand, can be achieved by the TRSA technique. In the next section the features of the Temperature-

Control Target System developed at the Institute for Nuclear Physics of the Technische Universität 

Darmstadt dedicated for TRSA measurements will be presented. 
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THE TEMPERATURE-CONTROLLED TARGET SYSTEM 

A Temperature-controlled target system (TCTS) was developed at the Institute for Nuclear Physics 

of the Technische Universität Darmstadt which is dedicated for TRSA measurements. It consists of two 

Lake Shore VPF-800 systems which can either cool down targets to liquid nitrogen (LN2) temperature 

or heat-up targets to temperatures up to ~800 K. The targets are in vacuum, a vacuum pump and a 

turbomolecular vacuum pump are used. The target is cooled through a rod that is in contact with the 

target holder and an LN2 tank and heated through a cartridge heater which is handled with a temperature 

control device. The temperature of the target can be monitored by a temperature sensor connected to 

the target holder (made out of copper). In both cooling and heating modes, the target’s temperature is 

stable, with deviations of less than 0.3%. The TCTS consists of two of these devices, one used for the 

scatterer and reference targets, and the other for the absorber target. In Fig. 5 a picture of one of the 

devices during the tests phase is shown. 

The system was developed and tested in the lab of the Institute for Nuclear Physics of the 

Technische Universität Darmstadt and recently used successfully in a TRSA measurement [14] 

performed at the Darmstadt High Intensity Photon Setup [13] of the Superconducting Darmstadt Linear 

Accelerator [15,16]. More experiments using the TRSA technique and the TCTS are planned in γ-beam 

facilities in the near future for high-precision measurements. 

 

 

Figure 5. Picture of the TCTS during the tests in the lab. 
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