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Introduction

The presence of Polycyclic Aromatic Hydrocarbons (PAHs) in a substantial number of interstellar objects is supported by the detection of specific infrared (IR) vibrational bands occurring after excitation via, for example, absorption of UV light from a nearby star [1][2][3][4] . Knowledge of cross sections for UV and visible light absorption and of dissociation and radiative cooling rates of PAHs are crucial in order to be able to characterize the photo-stability of PAHs in the interstellar medium (ISM).

The survival of PAHs depends on the UV photon absorption rate, which is related to the photon flux and the absorption crosssection, and the competition between two main relaxation pathways: unimolecular dissociation and radiative cooling (by fluorescence, IR vibrational emission, etc.) [5][6][7] . This topic has motivated substantial theoretical [8][9][10][11] and experimental efforts [12][13][14][15][16][17][18] order to characterize the physics and the chemistry of this family of molecules (see Tielens 19 for a review). Using a compact roomtemperature electrostatic ion-beam storage ring, the Mini-Ring, Martin et al. 15,20,21 have demonstrated experimentally that the recurrent fluorescence (RF) process, which was initially proposed by Léger et al. 22 under the name of Poincaré fluorescence, plays a major role for the survival of small PAH cations (naphthalene, anthracene, pyrene. . . ) with internal energies exceeding the dissociation energy threshold. RF is a two-step process including the Inverse Internal Conversion (IIC) process, where internal excitation energy can be viewed as being transferred from the highly vibrationally excited electronic ground state to electronically excited states with much less vibrational energy leading to the emission of a fluorescence photon through an electronic transition. Calculations of RF rates are based on the estimates of the densities of vibrational states of the different electronic levels at a given total internal energy (i.e., electronic plus vibrational energy) and the transition probabilities of the possible electronic and vibrational transitions. The ratio between the densities of states of the electronically excited state and the ground state should, in general, lead to small probabilities for the IIC process. However, this is compensated by rather high electronic transition probabilities that lead to non-negligible RF rates at least in some internal energy ranges and in relation to typical dissociation and IR vibrational emission rates 23 . Indeed, it has been shown that the competition between dissociation and RF is strongly dependent on the internal energy and occurs mainly in the 5-9 eV range for small PAHs with less than twenty carbon atoms such as, e.g., naphthalene (C 10 H 8 ) and anthracene (C 14 H 10 ) where the corresponding lifetimes are in the 0.1-10 ms range 15,20,21 . Moreover, vibronic (Herzberg-Teller) coupling has recently been shown to enhance RF cooling compared to theoretical predictions where this coupling has been left out [START_REF] Stockett | Resilience of small PAHs in interstellar clouds: Efficient stabilization of cyanonaphthalene by fast radiative cooling[END_REF] . The RF process should lead to significantly higher survival probabilities, which, for instance, may help explain the unexpectedly high abundances of cyanonaphtelene isomers observed in the Taurus molecular cloud -1 (TMC-1) [START_REF] Mcguire | [END_REF] .

In order to form a more solid basis for astrophysical modeling work, it would be very useful to explore if there are general trends in the PAHs radiative-cooling rates. For instance, the energy of the D 2 state (often the lowest non-forbidden electronic state in PAHs) tends to decrease with increasing PAH size. This trend favors higher densities of vibrational states in the D 2 state and, therefore, favors the IIC process, which should lead to higher RF rates and faster radiative cooling. However, the oscillator strength of the D 2 -D 0 could be PAH-specific since it depends critically on the molecular structure. There is, therefore, a need for systematic investigations of the radiative cooling of the different classes of PAHs or PANHs, such as for examples peri-or catacondensed PAHs or substituted PAHs with methyl-, ethyl-, cyano-or other groups.

Electrostatic ion storage devices such as electrostatic ion-beam traps [26][27][28][29][30] or electrostatic ion-beam storage rings [31][32][33][34][35][36] are well suited for studies of the dynamics of molecular processes in the ms to second time-range 37 such as spontaneous or thermionic electron emission [38][39][40][41] , unimolecular statistical dissociation 27,42 , slow isomerization 43 or radiative cooling [44][45][46][47][48] , processes where rates may vary over several orders of magnitude depending on the internal energy.

In this paper, we report on measurements of the radiative cooling rates of tetracene cations performed at the Double Electro-Static Ion Storage Ring ExpEriment, DESIREE in Stockholm (Sweden), and at Mini-Ring in Lyon (France). The time evolution of the internal energy distribution (IED) up to 100 ms is deduced from laser-induced dissociation decays recorded at various storage times. RF rates are then deduced from a detailed analysis of the IED time evolution. The separation of single and two-photon absorption contributions is also discussed. Finally, a global simulation of the time evolution of the IED of tetracene, including dissociation-, RF-, and IR-rates is presented.

Experimental set-ups

The experimental set-ups, at DESIREE (Fig. 1) and at Mini-Ring (Fig. 2) have been described in details elsewhere 20,34,35,49 . Here, we focus mainly on features used for the present measurements. 

DESIREE

DESIREE is operated at 13 K in a vacuum chamber where the residual gas pressure is so low that it can only be estimated via the storage lifetime measurements of beams of stable ions. The beamstorage lifetime which may be up to hours 50 is limited by collisions between the stored ions and the very few rest gas molecules (mainly H 2 ). The rest gas pressure in DESIREE is estimated to be about 10 -14 mbar 35 .

At DESIREE, tetracene cations were produced in an electron cyclotron resonance (ECR) plasma ion source and from a vapor of heated commercial tetracene powder (Sigma-Aldrich, purity 98%, used without further purification). The tetracene cations were accelerated to 20 keV forming a continuous ion beam. The typical average currents measured at the end of the storage cycles were about 0.4 nA. The beam was chopped in bunches of 66.8 µs, corresponding approximately to the time for one revolution of 20 keV tetracene cations stored in DESIREE's symmetric ring, which is shown in Fig. 1. The flight time of the ions from the source to the storage ring is known and, in the following, the time t refers to the time at which the ions were extracted from the ion source. The symmetric ring was almost filled with a close-to-homogeneous density of ions, except for a very small time (about 1.6 µs) needed to switch on the voltage on the injection electrodes. After several revolutions, the stored ion bunches spread longitudinally such that the ring is filled entirely with an almost homogeneous ion density.

During storage, neutral fragments resulting from unimolecular dissociation of initially hot cations or cations heated by laser absorption were detected either by the imaging detector (ID), which is an assembly of microchannel plates (MCPs), a phosphor screen and a fast camera 51 or by a system composed of a glass plate electron converter and MCPs (see Fig. 1). A tunable OPO laser (EKSPLA NT 200 series, 1 kHz repetition rate, 5 ns pulses, 210 µJ/pulse at 430 nm) was used to excite the stored cations and induce prompt and delayed dissociation. The laser beam was injected in a merged-beam configuration, i.e., collinearly to the tetracene cation beam in the injection section of DESIREE. The time overlap between the laser and the ion beam is estimated to be 8 µs corresponding to about 12% of the revolution time.

The prompt signal, i.e, the neutral fragment counts recorded on the glass-plate detector right after the laser pulse was used to optimize the overlap between the laser beam and the stored cations. However, the data recorded with this detector, which is due to prompt dissociation will not be discussed hereafter. We will rather focus on the data recorded with the ID, which was used to detect neutral fragments resulting from delayed photodissociation at each n + 1/2 turn after laser shots as a function of time t ′ , where t ′ is the storage time with respect to the laser pulse time t L as a reference (t ′ = tt L ). As the laser shots were not synchronized with the revolution time of the stored cations, the chance for the same cation to absorb two photons from two different laser pulses might not be completely negligible. However, the analysis of decays recorded with different laser pulse energies and repetition rates showed that the re-heating from such severalphoton absorption was in fact negligible. Fig. 3 shows a typical raw spectrum recorded with DESIREE for tetracene cations using a laser wavelength of 430 nm and a repetition rate of 500 Hz (first laser pulse fired at t L = 0.7 ms). As can be seen in the inset of Fig. 3, the laser-induced decays were found to last more than one millisecond. It was therefore necessary to adapt the laser repetition rate to prevent any overlap between two successive decays.

The two main dissociation channels of tetracene cations are the losses of C 2 H 2 and H 18 . Given the kinetic energy of the tetracene cations considered here (E k (C 18 H 12 ) = 20 keV), the detection efficiency of the neutral fragment H is expected to be extremely low due to its low kinetic energy (E k (H) = E k (C 18 H 12 ) /228) = 88 eV). Due to its 26 times higher kinetic energy, the detection efficiency of the C 2 H 2 neutral fragment is expected to be much higher than that of the H fragment. In addition, the collection efficiency, which is related to the kinetic energy release (KER), is also much lower for H than C 2 H 2 fragments. Therefore, the count rate is dominated by C 2 H 2 hits on the detectors. In ref. 18 , the branching ratios for these channels were found to be very weakly dependent on the internal energy in the 10.5 to 12 eV internal energy range, which is the energy range of interest for the present study. Therefore, the assumption of constant branching ratios was used in the present data analysis and modeling.

Note that the total decay rate of the stored ions can be measured via any of the decay processes, e.g., by detecting any of the possible fragments (H or C 2 H 2 ) or by detecting the RF or IR pho- tons. After laser absorption, the product of the branching ratio times the detection efficiency is in large favor of the C 2 H 2 detection and this is the method we use here.

Mini-Ring

The general principle of the Mini-Ring experiment (Fig. 2) is very similar to the one performed at DESIREE, although the designs of the electrodes of the two storage rings are very different. The two main differences are the much smaller size of Mini-Ring, which offers the possibility to record decay curves with a higher sampling rate, and the higher background gas pressure (about 1.5 × 10 -9 mbar) that restricts the storage lifetime to about 300 ms for Mini-Ring.

The 10 GHz Nanogan ECR ion source used for Mini-Ring is slightly different from the 2.4 GHz Monogan ECR used at DE-SIREE. Yet, the fragmentation mass spectra recorded via a Faraday cup placed in the ion beam line in between the selection magnet and the rings were found to be in close agreement suggesting that the initial IEDs of the stored tetracene cations were similar in the two experiments.

The ion beam kinetic energy was set to 12 keV for Mini-Ring. Therefore, the tetracene cation revolution time was 7.42 µs. The bunch duration was set to 6.8 µs to fill the Mini-Ring almost completely with a homogeneous ion density, except for about 600 ns corresponding to the rise time of the voltage of the injection deflector. Neutral fragments resulting from unimolecular dissociation events due to delayed dissociation of hot or laser-excited tetracene cations were detected at every turn by micro-channel plates as indicated in Fig. 2. Collisions with the rest gas were also contributing to the neutral counts and had to be subtracted in the data analysis process. Similarly to DESIREE, the time reference in the present analysis is the time at which the ions were produced in the source. The time of flight between the ion source and the buncher is 16 µs for 12 keV tetracene cations.

The same model of OPO laser as in the DESIREE experiments (EKSPLA NT 200 series) was used to excite the stored tetracene cations in a time range of t L = 0.5 -100 ms in a merged parallel beam configuration for the ion-and laser beams. The laser decays presented in this paper were recorded with a wavelength of 430 nm. The choice of this wavelength is not very critical as long as it corresponds to a sufficiently high absorption cross-section and leads to dissociation lifetimes that correspond to several turns in the rings. Other tests at 410, 450, and 470 nm have been performed and have led to results that are consistent with those for 430 nm. In addition, different laser pulse energies were used to study the contributions from one and two-photon absorption as a function of the storage time.

3 Experimental results

Spontaneous decays analysis

The ECR ion sources provided tetracene cation beams with fairly broad internal energy distributions extending quite far above the dissociation energy of tetracene cations C 18 H + 12 , in both experiments. Here, spontaneous decay refers to delayed dissociation events of the hottest tetracene cations injected in the storage rings. With DESIREE, the spontaneous decay could be followed over more than five decades (counts in ordinates of Fig. 4a) due to the high detection efficiency and low background (the very small background is due either to collisions with the tiny residual gas or to the intrinsic background counts of the detector), while Mini-Ring was limited to about 3 decades due to collisions with the rest gas. Therefore, from 1 to 100 ms only DESIREE could be used to investigate the spontaneous decay, whereas the Mini-Ring counts were dominated by background counts in this time range. At the Mini-Ring residual gas pressure of 2 × 10 -9 mbar the 1/e tetracene cation beam lifetime was limited to about 0.2 s at 12 keV (see Fig. 4). However, due to the smaller period of revolution, 7.4 µs in Mini-Ring compared to 66.4 µs in DESIREE, and a shorter transport beam line the decay could be measured at shorter times and with a better resolution from 30 µs to 1 ms in Mini-Ring. The first data point could be taken at 63 µs in Mini-Ring whereas it was at 167 µs in DESIREE, with respect to the same time reference, i.e., the time at which the ions were extracted from the ion source. In the following, we will also show that this difference in sampling rate is of interest for the investigations of laser-induced decays. This clearly shows the complementarity of the measurements with DESIREE and Mini-Ring.

It is well-established that for broad IEDs, spontaneous decays are expected to follow a t -1 power law when dissociation is the main energy relaxation process 52 . In Fig. 4, the typical spontaneous decays recorded with Mini-Ring and DESIREE over a time range of 100 ms show, in both cases, a strong deviation from a pure t -1 power law. This is a clear evidence of the presence of a non-dissociative process that quenches the spontaneous decay. This quenching is interpreted as the result of cooling through RF processes, which shift the IED to lower energies by emission of RF (visible or near IR-red) photons in the ms or sub-ms time range.

A semi-empirical model, which quantifies the effect of vibrational infrared-emission cooling has been presented in ref. 52 and is summarized through Eq.1 below. In Eq.1, N(t) represents the The gray line is an exponential fit of the data at t > 10 ms corresponding to the neutral counts resulting from collisions with the background gas. From this fit, the 1/e beam lifetime is found to be about 200 ms. The red dots show the background subtracted spontaneous decay. The black dotted line is a t -1 law fit on the 10 first points of the spontaneous decay. The dashed and the solid black lines are the results of the fits using the empirical model (Eq. 1) using a constant and time-varying quenching time, respectively. (b) Spontaneous decay recorded with DESIREE (red dots). The black dotted line is a t -1 law based on the first points of the spontaneous decay. The black line is the result of the fit using the empirical model (Eq.1) with a time-varying quenching time.

number of neutral fragments detected at time t, N 0 is a normalization constant proportional to, but not equal to the number of ions that were initially stored, τ is the effective quenching time and δ is related to the deviation from the t -1 power law, which is expected in the short time range for an infinitely broad IED, i.e., an IED that would be constant in the relevant internal-energy range. The same mathematical expression has also been used in ref. 53 to model the RF cooling in the spontaneous decay of anthracene cations.

N(t) = N 0 × t τ δ exp t τ -1 (1) 
A very good agreement between the model and the Mini-Ring spontaneous decay is obtained in the short time range (up to 0.4 ms) for τ = 0.11 ms and δ = 0.21 (see the dashed curve in Fig. 4a). However, after 0.4 ms, the model significantly deviates from the experimental data. We tentatively interpret this deviation by the fact that the radiative cooling of tetracene is so fast that the effective quenching cannot be taken as constant with time. Indeed, as RF rates are very dependent on internal energy, as the IED shifts with time during the cooling process, it can be expected that τ varies with time. Therefore, we tentatively introduce, as a first approximation, a linear time variation for the effective quenching time:

τ = τ 0 (1 + γ × t).
A very good agreement is obtained for the overall time range for τ 0 = 0.06 ms and γ = 1.6 ms -1 , where τ 0 stands for the effective quenching time for the ensemble of ions as they leave the ion source (t = 0).

The DESIREE spontaneous decay curve shown in the lower panel of Fig. 4 is clearly less steep compared to the one recorded with Mini-Ring. In DESIREE, it is expected from ion trajectory simulations that when tetracene cations decay by the loss of one hydrogen atom, the remaining C 18 H + 11 fragments can still be stored although they have a slightly lower kinetic energy. Therefore, in case the remaining internal energy of the fragment remains high enough, it can dissociate and contribute to the spontaneous decay curve 44 . Hence, the long-time range counts are mostly contributed by this sequential dissociation process in DE-SIREE. It has been verified experimentally that this is not the case in Mini-Ring due to smaller kinetic energy acceptance. Nevertheless, we attempted to use the same quenching law as for the Mini-Ring spontaneous decay curve (Eq.1) with a time-varying quenching time. A good agreement has been obtained for τ 0 = 0.35 ms, δ = 0.15 and γ = 0.25 ms -1 . The parameters are found radically different from those obtained from the Mini-Ring decay curve. It can be explained by differences in the radiative cooling properties of tetracene cations and C 18 H + 11 fragments, and by different internal energies since the fragments have been cooled by the dissociation process. A more sophisticated model, such as the one implemented for perylene cations in ref. 44 is required to account for sequential dissociation. Such a model is not presented here since the main aim of the present paper is to provide more detailed information on the radiative cooling of tetracene cations by following the time evolution of the IED using laser absorption.

During the Mini-Ring experiment, we observed that the spontaneous decay curve depends significantly on the initial conditions of the ion source, especially at shorter times. Under cold source conditions, for instance, when using low power (about 0.5 W) of the 10 GHz microwave and rather high pressure in the ion source by injection of Ar support gas (pressure was not measured directly in the plasma chamber, but an increase in pressure was measured in the next vacuum chamber), the recorded mass spectrum (not shown here) shows a reduced fragment peak (H-loss) compared to the hot conditions (high microwave power and low pressure). Compared to hot conditions, cold source conditions result in a reduction of the total count rate in the spontaneous decay and in a less steep decay curve. Since the IED of the ions injected into the ring can be significantly shifted towards lower energies the two main decay processes (dissociation and RF cooling) have, on average, much smaller rates for such an ion ensemble.

Laser induced decays analysis 3.2.1 Single-photon absorption

In Fig. 5, we show typical OPO laser-induced decays at 430 nm recorded at DESIREE and Mini-Ring for laser shots fired after a flight time from the ion source of t L of 1.60 and 1.52 ms, respectively. As already discussed in the previous section, the complementarity of experiments performed with the two storage rings also appears clearly in the laser-induced decays. With its higher sampling rate, the Mini-Ring is ideal for studying decays on shorter time scales, while DESIREE allows studies of decays over a much longer time range. Therefore, Mini-Ring provides detailed information on the high energy range of the IED leading to fast decays, while DESIREE monitors the lower energy range of the IED. It is also noticeable that there is an overlap in time and, thus, an overlap between tested internal energy ranges. In principle, it is possible to measure slower decays with Mini-Ring but the error bar would be much larger than with DESIREE because of much higher background counts resulting from collisions with J o u r n a l N a me , [ y e a r ] , [ v o l . ] , Fig. 6 Typical laser-induced decays recorded with Mini-Ring at laser firing times t L = 0.5 ms (blue diamonds), 1.5 ms (green triangles), 2.5 ms (red rectangles). The corresponding color lines are fits with a power law A × t -α with values of alpha as given in the figure .   the residual gas in Mini-Ring.

A normalization factor has been used to obtain a good overlap between the two decay curves around 50 µs. Nevertheless, the slope of the Mini-Ring decay is found to be slightly steeper than that of the DESIREE decay. At such short storage times, this difference may be attributed to two reasons : (i) The slight difference of about 80 µs in the flight time from the ions source to laser absorption, which means that the tetracene cations had a bit more time to cool down before reaching DESIREE than before reaching Mini-Ring. (ii) The initial IEDs of the tetracene cations from the two ion sources were slightly different.

Following ref. 16 as a simple first approach, we fit the laserinduced decay curves recorded with Mini-Ring using A × t -α power laws. The resulting values of the power α reflect the steepness of the decay curves. The results of such fits are displayed in Fig. 6 for laser firing times of t L = 0.5, 1.5, and 2.5 ms (fits for 1.0 and 2.0 ms are not shown for clarity of the figure). The values of α were found to be 0.92, 0.77, 0.68, 0.64, and 0.59 for t L = 0.5, 1.0, 1.5, 2.0, 2.5 ms, respectively. In the t L range of 0.5 to 2.5 ms, the decay induced by two-photon absorption is expected to be so fast that its contribution to the second measured point after a 1.5 turn in Mini-Ring can be neglected. However, for t L ≥ 3 ms (not shown), the determination of the value of α is more difficult as the two-photon absorption decay gets slower (but still much faster the single absorption decay), its contribution to the second, third, etc., points of the measured decay is not negligible anymore. For this reason, we focus in this section on the above-mentioned time range of 0.5 to 2.5 ms.

In Fig. 7, we present laser-induced decays recorded at DESIREE for laser firing times in the t L = 0.6 to 5.6 ms range with 1 ms steps. The decays recorded at DESIREE in this short storage time range are less sensitive to contributions from two-photon absorption than those recorded with Mini-Ring. Two-photon absorption leads to fast decays that are shorter than half the ion revolution time. Therefore, decays recorded up to t L = 5.6 ms are strongly dominated by single-photon absorption events. Nevertheless, because of the large contribution of the spontaneous decay at t L = 0.6 ms, the laser-induced decay curve could be determined with reliable precision only for the 6 first turns after the laser shot in that case.

Fits using the A ×t -α power law have been performed for each decay curve and are shown in Fig. 7. The agreement between the power-law fits and the experimental data is not as good as for the Mini-Ring results. Moreover, α is found to be more sensitive to the selected time range, i.e. the number of data points used in the fitting procedure. This indicates that the recorded decays at DESIREE deviate more from the power law model than those of Mini-Ring. The fitting procedure leads to values of α that decrease from 1.2 to 0.5 for t L = 0.6 to 5.6 ms, respectively. These values are significantly larger than those obtained from Mini-Ring's data as shown in the inset of Fig. 8. However, the values of α obtained from the data of both storage rings are found to decrease rapidly with t L and to follow a similar trend. Therefore, this power law fit method resulting in the determination of the parameter α should be considered as a rough, first approach interpretation as the absolute value depends on the number of data points included, i.e., on the time range of the fit. It can be used only to determine the general trend versus the storage time.

Two-photon absorption

As discussed in the previous section, the laser-induced neutral count after the first half-revolution (i.e., the first recorded data point of the laser-induced decays) was found to be rather sensitive to two-photon absorption. We have also suggested that the contribution of two-photon absorption in the recorded decay is expected to increase with storage time, i.e., with increasing t L . At longer storage times, i.e. for t L > 5.6 ms, when the IED has shifted to lower internal energies, the dissociation time after single-photon absorption tends to increase so that the decay curve due to single-photon absorption tends to become flatter. Then, although the two-photon absorption probability is expected to be rather low since it gives rise to a rapid decay with a high count rate at short times, it can contribute significantly to the first data points of the recorded decays.

The contribution from two-photon absorption appears at shorter storage times for Mini-Ring than for DESIREE. For a first basic demonstration of the importance of the contribution of twophoton absorption, the laser-induced decays are fitted using the same power law as in section 3.2.1. To highlight the magnitude of the two-photon contribution, we have included only the first five points where the contribution from two-photon absorption is expected to be maximum.

In Fig. 8, we show the values of α resulting from the fitting procedure as a function of t L up to 100 ms for the decays recorded at DESIREE (blue data points) and Mini-Ring (red data points). In the range from 0.5 to 5 ms, the single-photon contribution is dominant. The decrease of α as a function of t L within this range reflects the shift of the high energy edge (HEE) of the IED towards lower energies. From t L = 5 to 20 ms, α increases from 0.5 to 0.9. This effect is explained by the summed contributions of single-photon and two-photon absorption with an increasing proportion of the two-photon contribution, whereas the singlephoton contribution decreases. From 20 ms to 100 ms, the values of α decrease monotonically, but at a much slower rate than in the range of 0.5 to 5 ms. This shows that the IED is still shifting toward the low energies after 20 ms even though the global effect of the cooling is much slower than before 5 ms. This suggests that IR-emission is the most important cooling mechanism on the longest timescales probed in the present experiments, as it is slower and less efficient than RF cooling 23 .

In contrast, the contribution from three-photon absorption to the observed decay curves can be neglected. The expected internal energy after 3 photons absorption is given by E 3ph = 3hν + E i (t), where hν = 2.88 eV (430 nm) and E i (t) is the internal energy of a tetracene cation at time t. The model presented below in section 4 predicts the internal energy to be about 3.3 eV at 100 ms storage time. Therefore, the total internal energy after absorption of 3 photons is about 12 eV, which corresponds to a dissociation lifetime of about 20 µs 18 , which is too short to be observed as a delayed dissociation event in DESIREE.

Since α takes approximately the same value of 0.5 at 5 and 50 ms, it can be inferred that the internal energy of the tetracene cations has decreased by approximately the energy of one photon, i.e., 2.88 eV, in this time range. Therefore, the average energy shift rate, ∆E/∆t, is estimated to be approximately 60 eV/s.

Modeling of laser-induced decays

The model used in the present work has already been described in much detail in previous papers 15,20,45 . In contrast to the simple power law analysis used in the previous section, this model provides detailed information about the time evolution of the IED and the cooling rate as a function of the internal energy.

In brief, the laser-induced decays are modeled independently of each other by calculating the number of neutral fragments emitted at each n + 1/2 (starting at n = 0) turns after the laser shot using a parameterized Gaussian IED and using the internal-energy-Fig. 8 Parameter α resulting from power law fits to laser-induced decays recorded with DESIREE (blue squares) and Mini-Ring (red diamonds) from t L = 0.5 ms to 100.6 ms. In the t L = 0.5 -5 ms range, decays are mainly due to single-photon absorption. In the t L = 5 -30 ms the increasing behavior of α is interpreted as due to the increasing contribution of two-photon absorption. For t L > 30 ms, the main contribution is twophoton absorption. The inset is a zoom to ease the comparison between α-values obtained from DESIREE and Mini-Ring in the short time range. The results show the same trend but are slightly shifted. The difference may be explained by slightly different initial IEDs in the ion sources used in the present experiments. Fig. 9 Dissociation rates from ref. 18 (k diss , black solid curve), theoretical RF rates (k RF,th , black dashed curve), theoretical IR emission rates (k RF,th , black dotted curve), and measured rates with Mini-Ring ( k RF,meas Mini-Ring, red diamonds) and DESIREE (k RF,meas DESIREE, black squares). Fig. 10 Laser-induced decays recorded with Mini-Ring at laser firing times t L = 0.5 ms (black diamonds), 1.0 ms (purple circles), 1.5 ms (blue triangles), 2.0 ms (green squares) and 2.5 ms (golden crosses). The corresponding color lines are fits to the experimental data using the model described in section 4.

Table 1 Values of the dissociation rates (k diss ) from ref. 18 , theoretical rates for infrared emission (k th IR ), and recurrent fluorescence rates (k th RF ) for a range of values of the internal energy E of the tetracene cation C 18 H + 12 . These values are used as inputs in the model. dependent dissociation rates of Fig. 9. Therefore, a model decay curve S(t) is a weighted sum of individual exponential decays at a given internal energy S(E,t) given by Eq. 2.

E (eV ) k diss (s -1 ) k th IR (s -1 ) k th RF (s -

S(E,t)

= - ∂ N(E,t) ∂t ≈ - ∆N(t) ∆t E = 2 sinh k tot (E) ∆t 2 k diss (E) k tot (E) exp (-k tot (E) t) (2) 
In Eq. 2, sinh() is the hyperbolic sine function, ∆t is the neutralfragment collection time that corresponds to the time spent by the ions in the straight line of the ring that is in front of the detector (∆t ≈ 7.68µs and ∆t ≈ 0.7µs for DESIREE and Mini-Ring, respectively); k diss (E) and k tot (E) are the dissociation and total rates (respectively) evaluated at internal energy E.

The dissociation rates reported in Fig. 9 were estimated via measurements of Diedhou et al. 18 using the Arrhenius law. The total decay curve at a given t L is obtained by the weighted sum of all the contributions to the total decay of each internal E, according to Eq. 3.

S(t) = ∞ 0 g(E) S(E,t) dE (3) 
The weights, g(E) are expected to be representative of the IED after photon absorption. The IEDs have been constrained to normal (Gaussian) distributions whose amplitudes, centers, and widths were the adjustable parameters of the model. It should however be kept in mind that the real IED at time t L might slightly differ from a Gaussian distribution, even though it might be reasonable to use such an IED at t = 0. Indeed, the HEE of the initial IED is depleted by exponential decays at the total k tot (E) rate, and the low energy side is fed, especially during the first milliseconds, by the RF process at a rate of k RF (E). As discussed in more detail below, the time evolution of the IED after 4 ms leads to a rather asymmetric IED shape or broad double-peak shape. Nevertheless, at longer times, the distribution becomes more and more symmetric again, i.e., more and more Gaussian-like. It is also important to note here that the recorded decay curves are mostly sensitive to the shape and energy at the HEE of the IED. However, since the evolution of the IED on this side is essentially the result of exponential decay, depletion leads to IED shapes that remain very close to Gaussian distributions. In the first step, each of the model decay curves has been fitted independently to the experiment ones, the centers and the amplitudes of the IED being the free parameters of the model. A constant width of 2 eV has been used for all decay curves.

In this model, we have added the contribution of the twophotons absorption to improve the overall model-experiment agreement and to get a better understanding of the evolution of the decay curves for large storage times. Accounting for twophoton absorption was important to model the decay curves for t L > 3 ms for Mini-Ring and t L > 6 ms for DESIREE. Compared to simulations performed in the cases of naphthalene and anthracene in previous studies at Mini-Ring 20,21 , the extension of the simulations above t L = 6 ms allow us to follow the evolution of IEDs for lower internal energies. In these previous simulations, the knowledge of the dissociation rates was sufficient since, after laser absorption, the IED was shifted into an energy range where dissociation dominates over radiative cooling. In the case of tetracene, because of the high RF rates, photon absorption brings the IED quite close to the crossing point between dissociation and RF rates at internal energies of about 10.5 eV. This is the reason why, in eq. 2, it was needed to consider the total rate k tot = k diss + k RF + k IR and to multiply by the dissociation branching ratio defined as:

Γ diss = k diss k diss + k RF + k IR (4) 
Note that k IR was included in the eqs. 2 and 4 for completeness but it can be neglected in the internal energy range reached after laser absorption. The k diss , k IR and k RF used in the present simulation are the theoretical ones given in Table 1. The values calculated for the present internal-energy range (after photon absorption) that are listed in Table 2 emphasize the importance of including Γ diss in the simulation, especially for the lowest internal energies.

The evolution of the dissociation branching ratio as a function of internal energy can be analyzed from the values given in Table 2. From 10.5 to 12 eV, which is the expected internal energy range after laser excitation, the branching ratios are estimated to increase from 0.53 to 0.93. For instance, around 10.5 eV, tetracene cations have approximately a 50 % chance of decaying by emission of a neutral fragment and a 50% chance to emit an RF photon. For internal energies below 10.5 eV, the dissociation branching ratio drops very fast as can be seen in Table 2. Therefore, for storage times greater than 10 ms, the number of neutral fragments resulting from single-photon absorption drops dramatically, giving room for the observation of the two-photon absorption process.

IED in the case of single-photon absorption.

A selection of typical Mini-Ring and DESIREE laser-induced decays are displayed in Figs. 10 and11, respectively, for comparison with the present model. Fig. 11a shows the transition between pure single photon absorption decays (for t L in the 0.6 to 10. the present model, it has been possible to disentangle the single and two-photon contributions (dotted and dashed curves, respectively). Qualitatively, as the ions cool down with time, the proportion of ions that can dissociate due to the absorption of a single photon decreases with time as can be seen in Fig. 11a. Accordingly, a rather fast decrease of the single-photon contribution is observed in Fig. 11. The single-photon contribution is found to be close to negligible for t L > 40.6 ms as shown in Fig. 11a, where laser-induced decays could be nicely fitted by using the two-photon absorption contribution only.

The present model has been used to simulate the decay curves recorded with Mini-Ring in the 0.5 to 2.5 ms storage time range (solid lines in Fig. 10). A very good agreement between the simulated and experimental decay curves was obtained by adjusting independently the Gaussian IED parameters (center, width, and amplitude) for each decay. As expected, the resulting IEDs, displayed in Fig. 12, shift regularly towards lower energies with increasing storage time. The energy shift rate can be estimated from the time of evolution of the HEE, defined here as the energy at half of the amplitude of the IED. It is found to be about ∆E/∆t = -550 eV/s around an internal energy of 9 eV (T e ≈ 1150 K), which is significantly higher than for anthracene 20 and naphthalene 54 . For instance, tetracene cools about six times faster than anthracene.

It is possible to extract population decay rates as a function of storage time at different excitation energies from the simulated IEDs of Fig 12. In Fig. 13, we have plotted the population decay curves N(E 0 ,t) at fixed values of the internal energy E 0 in the 8.2-9.4 eV range in steps of 0.2 eV (following the dashed vertical lines of Fig. 13). These N(E 0 ,t) curves are nicely fitted by exponential decay laws whose rates are referred to as 'measured' total decay rate, k meas (E 0 ), that include RF, dissociation, and IR processes. The obtained values (see Table 3) were found to be in the range from 600 to 1100 s -1 for internal energies in the 8.2-9.4 eV range. The RF rates can be estimated from these values after correction of the IR decay rate.

The time evolution of the number of tetracene cations of internal energy E 0 is governed by the following master rate equation (Eq. 5):

d dt N(E 0 ,t) = -k tot (E 0 ) N(E 0 ,t) + ∑ i k i RF (E 0 + hν i RF ) N(E 0 + hν i RF ,t) + ∑ i k i IR (E 0 + hν i IR ) N(E 0 + hν i IR ,t) (5) 
In Eq. 5, k tot (E 0 ) is the total decay rate of tetracene cations at internal energy E 0 , i.e., the sum of the rates of all the possible processes that change the internal energy or lead to dissociation; the second and third terms include all the possible electronic and vibrational transitions from higher lying states that brings the system down in energy such that it is E 0 after the decay. Thus, these positive terms account for re-population at energy E 0 due to RF and IR photon emission from tetracene cations at E 0 + hν i RF and E 0 + hν i IR , respectively. However, in the present simulation, we accounted only for the dominant electronic transition in the RF process, i.e., the D 2 -D 0 transition, whose energy is hν RF = 1.4 eV for tetracene 55 and the corresponding decay rate is denoted k RF hereafter. Hence, the population at E 0 is expected to be fed by the E 0 + hν RF population with the k RF (E 0 + hν RF ) rate. Likewise, for the IR process, we only consider the main IR transition whose energy is hν IR = 0.2 eV and rates k IR (E) are given in Table 1. At energies corresponding to the HEEs of the IEDs of Fig. 12 and14, the dissociation rate is much smaller than the RF rate (see Fig. 9). Therefore, considering in addition that the N(E 0 + hν RF ) popula-tion is negligible and that the IR rate is approximately constant in the small hν IR energy range around E 0 , Eq. 5 can be approximated by:

d dt N(E 0 ,t) = -k RF (E 0 )N(E 0 ,t) -k IR (E 0 )(N(E 0 ,t) -N(E 0 + hν IR ,t)) (6) 
Let us denote by ∆N(E 0 ,t) = N(E 0 ,t) -N(E 0 + hν IR ,t) the population difference appearing inside the parenthesis of Eq. 6 and γ = ∆N(E 0 ,t)/N(E 0 ,t) the relative population difference. We found that γ is approximately equal to 10%, independently of time and internal energy. Eq. 6 can then be rewritten as:

d dt N(E 0 ,t) = -(k RF (E 0 ) + γ k IR ) × N(E 0 ,t) (7) 
Hence, the 'measured' total decay rate k meas is given by:

k meas (E 0 ) = k RF (E 0 ) + γ k IR (E 0 ) (8) 
Finally, the corrected RF rate are obtained from :

k RF (E 0 ) = k meas (E 0 ) -γ k IR (E 0 ) (9) 
The corrected RF rates are listed in Table 3 and displayed in Fig. 9 as a function of the internal energy. Compared to the RF rates of Table 1, these new k RF rates correspond to a decrease of the D 2 -D 0 transition probability from 7 × 10 6 to 5 × 10 6 s -1 . This difference is probably smaller than the uncertainties in the theoretical and present values.

Boissel et al. 23 have defined a global cooling rate η cool in order to compare the cooling efficiencies of the RF and IR emission processes. Following the same method, we have estimated the η IR cool of tetracene and we obtained a value of about 6 s -1 in the present internal energy range. Likewise, the η RF cool listed in Table 3 were defined η RF cool as:

η RF cool = k RF × hν RF E (10) 
where hν RF = 1.4 eV is the photon energy for the RF process and E the internal energy. RF is the dominant cooling process in the 7-9 eV internal energy range. It exceeds the IR cooling by a factor ranging from 6 to 30, respectively. The main effect does not lie in the difference in the k RF and k IR rates, which is not more than a factor of 3 higher for the RF process, but it is mainly due to the difference in transition energies, i.e., 1.4 eV and 0.2 eV for the RF and IR processes respectively.

The same model has been employed to simulate the decay curves that were recorded with DESIREE in the 0.6-5.6 ms storage time range. Likewise, the centers and amplitudes of the corresponding IEDs were free adjustable parameters and the widths were set to a fixed value of 1 eV (standard deviation). Some of the simulated decay curves have been plotted in Fig. 11 together with the experimental ones. A very good agreement between simulated and experimental decay curves could be obtained. The corresponding IEDs are displayed in Fig. 14. Accordingly to IEDs obtained from the Mini-Ring experiment, a similar shift of the IED towards low energies is observed for increasing storage times. Yet, the energy shift rate is found to be ∆E/∆t = -450 eV/s from 0.6 to 2.6 ms, which is slightly smaller than the value obtained from the Mini-Ring experiment but still in the same order of magnitude. This slight difference may be attributed to the slight difference in internal energy at which the estimation of the energy shift rate is done, i.e. 8.5 eV for DESIREE and 9 eV for Mini-Ring. At longer storage times, from 2.6 to 5.6 ms, the energy shift rate was found to be significantly smaller: ∆E/∆t = -150 eV/s. In this storage time range, the HEEs of the IED decreased from 8.1 down to 7.6 eV. This shows, as expected from the theoretical RF rates displayed in Fig. 9, that the cooling due to RF is highly dependent on internal energy.

The measured rates k meas.

tot have been estimated from the IEDs of Fig. 14 for a series of internal energies (7 to 8.2 eV in steps of 0.2 eV) using the same procedure as already discussed above in the Mini-Ring case. The k meas. tot rates were found to be in the 160-700 s -1 range for internal energies ranging from 7 to 8.2 eV, respectively. At the commonly investigated internal energy of 8.2 eV, the agreement between DESIREE and Mini-Ring measurements is remarkable (cf. Table 3). In Table 3 and Fig. 9, we remark that, in the presently considered energy range (7 to 9.4 eV), the dissociation rate is close to being negligible.

For internal energies in the present range of DESIREE experiments, the k meas RF = k meas. tot -0.1×k th IR -k th diss values were not found to agree well with the theoretical ones (k th RF ) of Table 1. Since these approximate k th RF rates were used initially in the simulations of the decay curves used to determine the IEDs, it can be expected that more accurate IEDs should be obtained by re-iterating the fitting procedure including the k meas RF instead of k th RF . After this second iteration an overall agreement between the iterative RF rates k iter. RF and those used in the simulations, i.e., the k meas. RF was obtained. RF are the RF rates deduced from the measured total rates and dissociation rates (ref. 18 This procedure led to slight modifications of the IEDs between the first and second iterations.

In previous studies of anthracene and naphthalene with Mini-Ring 15,20,54 , it was not necessary to account for the radiative rates (neither RF nor IR) because their effect on the laser-induced decay was negligible. However, in the present case, since the RF process is much more efficient and since the decay was observed on a much longer time scale with DESIREE, including the RF rate in the simulations improved significantly the agreement between the simulated and experimental laser-induced decay curves. The effect on the IEDs is mainly on the low-energy side since the RF process modifies the shape of the decays at long times. In the end, this iterative procedure brings a small but significant correction to the measured RF rate values (see Table 3).

IED in the case of one and two photons absorption.

Although the probability of two-photon absorption is expected to be much smaller than single-photon, its contribution becomes dominant after t L = 6 ms and 10 ms in the laser-induced decays recorded with Mini-Ring and DESIREE, respectively. In the following, we will restrict the discussion to the two-photon contribution to the decay curves recorded with DESIREE. We have extended the above model in order to simulate the decay curves using the weighted sum of single-photon and two-photon decay curves. The ratio between the double and single photon absorption weighting factors was treated as an additional free parameter. The best agreement between the simulated and experimental laser-induced decays was obtained for a ratio of 0.002 between the decays caused by two-and one-photon absorption. Fig. 11a shows a very good agreement between the experimental and simulated decay curves for t L from 10.6 to 20.6 ms for which the two-photon contribution has been taken into account. The twophoton contribution is displayed in Fig. 11 for t L = 14.6 and 20.6 ms (dashed curves). It corresponds to a fast decay that dominates the global decay curves at short times (t ′ < 150 µs). For t L = 10.6 ms, only the first data point of the decay is dominated by the two-photon contribution. As tetracene cations cool down with time, the two-photon decay becomes slower with increasing storage time. In addition, the single-photon decay becomes much slower than the two-photon decay, such that its contribution can be neglected in the decays recorded at t L > 50.6 ms.

Unlike the simulations discussed in section 4.1, when including the two-photon contribution the widths of the different IEDs, were treated as free independent parameters. Fig. 11b shows the simulated and experimental decay curves and the corresponding IEDs for t L = 30.6 to 90.6 ms. In Fig. 15, we display the evolution of the IED as a function of t L in the whole range of the present DESIREE experiment (0.6 to 90.6 ms). The IED shifts rather fast in the 0.6-10.6 ms range (red curves in Fig. 15) and rather slowly afterwards(blue curves in Fig. 15) down to 3.5 eV for t L = 90.6 ms. The average energy shift rate is estimated to ∆E/∆t = -42 eV/s between 10 ms and 60 ms, which is consistent with the above value of -60 eV/s resulting from the power-law modeling (see section 3 and Fig. 8). However, it is much more difficult to estimate the total rates (k meas. tot for t L > 20.6 ms than in the case where the one photon absorption is dominant. The IEDs resulting from the model present important fluctuations, probably due to too low statistics in the decay curves especially for t L ≥ 40 ms. In Fig. 16, the centers of the IEDs have been plotted as a function of the storage time. This plot illustrates again that, at short times (≤ 10 ms), there is a fast cooling process that can be attributed to RF cooling as it follows the same trend as the model. The efficiency of the RF cooling decreases with time as the tetracene cations get colder because the RF rate is highly dependent on internal energy. Further radiative cooling after 90.6 ms is expected to be dominated by vibrational IR emission. 

IED global simulation.

A simulation of the overall time evolution of the IED during storage from 0 to 200 ms has be performed using the same model as used in ref. 20 for the IEDs of anthracene cations. Eq.5, which governs the time evolution of tetracene cations of a given internal energy E 0 has been solved numerically under the assumptions described in 4.1 leading to Eq. 6. Variable time steps have been used to account for the fact that the rates governing the evolution of the IED vary by several orders of magnitude from t = 0 to 1s.

The initial IED at t = 0 was assumed to be a Gaussian function whose center and width were set to 7.5 eV and 1.4 eV, respectively. These values were chosen to obtain a good agreement with the centers of IEDs found from 0.6 to 5.6 ms (cf. 16). The dissociation and IR rates were taken from Table 1 (k th diss and k th IR , respectively) and the RF rates were taken from Table 3 (k RF,iter ).

In Fig. 17, we show the computed IEDs from 0 to 1 s. It is noteworthy that the shape of the IED varies significantly with time, especially at the beginning of the cooling process. This is mainly due to the RF process that is very efficient at internal energies of around 7.5 eV to feed the population around 6.1 eV because of the emission of a photon via the D 2 -D 0 transition of 1.4 eV. After 100 ms, the center of the IED is found at about 3 eV, in relatively good agreement with the 3.5 eV for 90.6 ms IED of Fig. 16. After 100 ms, the cooling process is very slow because the IR vibrational cooling only remains efficient. According to the present model, by extending the calculation to longer times, we found that about 2s are needed to reach an internal vibrational energy of about 0.15 eV. Fig. 16 compares the centers of the IEDs calculated with this global simulation and the ones resulting from the simulated decays from Fig. 14 and15. The relatively good agreement shows that the RF and IR cooling processes were rather well described by the global simulation.

Summary and conclusions

In this paper, we have investigated the cooling processes of tetracene cations on an extended internal energy range by us- ing two different electrostatic storage rings Mini-Ring and DE-SIREE. The main results are the determination of the cooling rates for specific internal energies, E 0 , in combination with the understanding of how important highly efficient RF processes are for tetracene. Using both rings, detailed information on the cooling was provided by analyzing the spontaneous decay and the time evolution of laser-induced decays as a function of the storage time. Mostly due to their differences in size and in background gas pressure, the two electrostatic ion storage rings allow for the investigation of different time ranges corresponding to different internal energy ranges. We have shown that a first insight into the effect of the radiative cooling processes could be obtained by fitting the laser-induced decays with power law functions. This simple first approach revealed a very fast RF cooling process of hot tetracene cations during the five first milliseconds of storage. It also revealed that after about 20 ms of storage, two-photon absorption is responsible for the main part of the laser-induced decays. The two-photon absorption was used to determine an average internal-energy shift rate of the IED of ∆E/∆t = -60 eV/s in the time range of around 20 ms corresponding to an internal energy of about 5 eV. A more sophisticated approach was used to simulate laser-induced decay curves and fit them to the experimental ones by solving master rate equations and adjusting the parameters of Gaussian IEDs. The total rates and subsequently the RF rates were then determined from the resulting IEDs in the internal energy range of 7 to 9.4 eV using the decay curves recorded at the shorter laser delay times t L ≤ 5.6 ms with Mini-Ring, considering single photon absorption only. These measured RF rates agree rather well with theoretical ones, although some parameters of the model, such as the probability of transition and the energy of the involved D 2 -D 0 electronic transition, may suffer from some uncertainties. To further investigate the radiative cooling after 10 ms, a more accurate analysis had to be developed due to the increasing contribution of two-photon absorption to the decay curves. Therefore for each laser-induced decay recorded with DESIREE for laser firing times t L up to 90.6 ms, we have determined the corresponding IEDs considering the two contributions, i.e., single and double photon absorption. The singlephoton contribution was found to be negligible for t L ≥ 50 ms. Finally, a complete simulation of the time evolution of the IED has been performed. It includes, as inputs, the presently measured RF rates, and theoretical dissociation and IR rates. The resulting time evolution of the IED agrees rather well with the one resulting from Mini-Ring and DESIREE experiments. Compared to previously investigated smaller PAH, we found that tetracene is cooling about 6 times faster than anthracene 15,20 . This highlights the importance of taking the RF process into account for accurate predictions of the survival probabilities of PAHs in astrophysical environments [START_REF] Stockett | Resilience of small PAHs in interstellar clouds: Efficient stabilization of cyanonaphthalene by fast radiative cooling[END_REF] . Additional experiments supported by theoretical investigations are needed to determine if a general tendency exists for the efficiency of the RF cooling process as a function of the size and/or shape (cata-or peri-condensed) of PAH cations in order to determine their resilience and dissociation and hence abundances in e.g. the ISM.
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Fig. 1

 1 Fig. 1 Schematic of the experimental setup at one of two cryogenic ion-beam storage rings at the DESIREE facility in Stockholm. Here, the storage ring with symmetrically placed ion-beam optics, i.e. the symmetric ring, is used. Nanosecond OPO-laser pulses were merged collinearly with the stored tetracene cations in the injection section of the ring (red dashed arrow).

Fig. 2

 2 Fig. 2 Schematic drawing of the present experimental setup at the room-temperature ion-beam storage ring, Mini-Ring in Lyon (see text for details). Nanosecond OPO-laser pulses were merged collinearly with the stored tetracene cations in the injection section of the ring (blue arrow).

Fig. 3

 3 Fig. 3 Typical raw data recorded at DESIREE for 20 keV tetracene cations. The neutral fragment counts recorded by the ID detector are plotted as a function of the storage time. The regularly spaced signal enhancements are due to delayed dissociation induced by 430 nm ns-laser irradiation with a 500 Hz repetition rate.

Fig. 4 (

 4 Fig.4(a) Spontaneous decay recorded with Mini-Ring (blue dots). The gray line is an exponential fit of the data at t > 10 ms corresponding to the neutral counts resulting from collisions with the background gas. From this fit, the 1/e beam lifetime is found to be about 200 ms. The red dots show the background subtracted spontaneous decay. The black dotted line is a t -1 law fit on the 10 first points of the spontaneous decay. The dashed and the solid black lines are the results of the fits using the empirical model (Eq. 1) using a constant and time-varying quenching time, respectively. (b) Spontaneous decay recorded with DESIREE (red dots). The black dotted line is a t -1 law based on the first points of the spontaneous decay. The black line is the result of the fit using the empirical model (Eq.1) with a time-varying quenching time.

Fig. 5

 5 Fig.5Typical laser-induced decays were recorded with DESIREE (red diamonds) and with Mini-Ring (blue triangles) using 430 nm wavelength after a flight time from the ion source of t L of 1.6 ms and 1.516 ms respectively. Blue and red lines are fits to Mini-Ring and DESIREE experimental data, respectively, using the model described in section 4.The inset shows a fit to the Mini-Ring data in the 0 -70 µs range.

Fig. 7

 7 Fig. 7 Laser-induced decays recorded with DESIREE at laser firing times of t L = 0.6 ms (black diamonds), 1.6 ms (purple circles), 2.6 ms (blue triangles), 3.6 ms (green squares), 4.6 ms (golden crosses), 5.6 ms (red crosses). The corresponding color lines are fits by a power law A × t -α .

Fig. 11 (

 11 Fig. 11 (a) Laser-induced decays recorded in DESIREE at laser delay times t L of 0.6 ms (black diamonds), 4.6 ms (purple circles), 10.6 ms (blue squares), 14.6 ms (light blue stars) and 20.6 ms (green triangles).The corresponding color lines are fits to the experimental data using the modeling procedure described in section 4. The contributions of single and double photon absorption for 14.6 and 20.6 ms are obtained from the same model and given by the dashed and dotted lines (with corresponding colors) respectively. (b) Laser-induced decays recorded in DESIREE at laser delay times t L from 10.6 ms to 90.6 ms (symbols) and fits (plain lines).
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Fig. 12

 12 Fig. 12 Time evolution of the IED after single photon absorption for t L in the 0.5 to 2.5 ms range resulting from the fitting procedure of the corresponding laser-induced decays in Mini-Ring. The vertical red dashed lines indicate the energies at which further data analysis was performed to determine the measured rates displayed in Fig.13.

Fig. 13

 13 Fig. 13 Evolution of N(E 0 ,t) versus the storage time at different excitation energies from E 0 = 8.2 to 9.4 eV. Each series of N(E 0 ,t) values at a given value E 0 is fitted with an exponential decay given total decay rate.

Fig. 14

 14 Fig. 14 Time evolution of the IED in the range 0.6 to 5.6 ms resulting from the fitting procedure of the corresponding laser-induced decays in DESIREE.

Fig. 15

 15 Fig. 15 Time evolution of the IED in the range 0.6 to 90.6 ms resulting from the fitting procedure of the corresponding laser-induced decays in DESIREE after the second iteration (see text). All the IEDs have been individually normalized to 1.

Fig. 16 IED

 16 Fig. 16 IED center as a function of storage time deduced from DESIREE experiments (blue triangles) and from the global simulation of the IED time evolution (red squares, see text).

Fig. 17

 17 Fig. 17 Evolution of the IED as a function of time. The initial IED corresponds to the curve at 0 ms.

Table 2

 2 Dissociation branching ratios, Γ diss = k diss /(k diss + k RF ), as a function of the internal energy before and after laser absorption.

	E (eV )	Γ diss	E (eV )	Γ diss
	before absorption before absorption after absorption after absorption
	7	4.7 × 10 -5	9.9	0.18
	7.2	1.1 × 10 -4	10.1	0.25
	7.4	2.2 × 10 -4	10.3	0.33
	7.6	4.6 × 10 -4	10.5	0.42
	7.8	9.1 × 10 -4	10.7	0.51
	8.0	1.7 × 10 -3	10.9	0.59
	8.2	3.2 × 10 -3	11.1	0.67
	8.4	5.8 × 10 -3	11.3	0.74
	8.6	1.0 × 10 -2	11.5	0.80
	8.8	1.7 × 10 -2	11.7	0.84
	9.0	2.8 × 10 -2	11.9	0.88
	9.2	4.6 × 10 -2	12.1	0.90
	9.4	7.1 × 10 -2	12.3	0.93

Table 3

 3 Total rates k meas tot measured at DESIREE and Mini-Ring resulting from analysis of the data experimental data. The k meas.

  and theoretical IR rates. The k iter.RF rates are the final values after the iterative procedure (see text). Values of RF cooling rates η cool RF are also given. The IR cooling rates η IR cool are estimated to 6 s -1 . All values are in s -1 .

	E (eV )	k meas tot	k meas tot	k meas. RF	k iter. RF	η cool RF
		DESIREE	Mini-Ring		iterative	
	7	169		147	139	39
	7.2	257		234	175	58
	7.4	344		321	217	75
	7.6	432		408	267	92
	7.8	519		494	324	108
	8	607		581	391	123
	8.2	694	569	666	466	137
	8.4		660	629	552	127
	8.6		752	714	648	142
	8.8		843	794	755	155
	9		934	865	874	168
	9.2		1025	921	1006	180
	9.4		1116	949	1150	192
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