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Introduction

The management of radioactive waste (transportation, interim storages and final repositories) needs an accurate characterization of their nuclear material content. Among many non-destructive methods that have been studied to address this characterization, active interrogation methods are necessary for large and dense packages, such as concrete drums [START_REF] Carrel | Identification and Differentiation of Actinides Inside Nuclear Waste Packages by Measurement of Delayed Gammas[END_REF]- [START_REF] Simon | Feasibility study of fissile mass quantification by photofission delayed gamma rays in radioactive waste packages using MCNPX[END_REF]. Specifically, Active Photon Interrogation (API), based on the detection of delayed gamma radiation emitted by fission products induced by high-energy photons, has the potential to assess the nuclear material mass present in a package, and possibly to distinguish fertile and fissile isotopes (e.g. 238 U and 235 U, respectively) using a discrimination signal based on their delayed gamma rays. The detection of delayed gamma rays with a high-purity germanium (HPGe) detector has the potential to measure the production yields of fission products with an accuracy lower than 5 %, enabling the differentiation from one isotope to the other [START_REF] Carrel | Identification and Differentiation of Actinides Inside Nuclear Waste Packages by Measurement of Delayed Gammas[END_REF].

However, nuclear data related to photofission yields are scarce and the reported fission product cumulative yields show significant discrepancies, even for recent studies [START_REF] Kahane | Photofission of 238 U with neutron-capture gamma rays[END_REF]- [START_REF] Krishichayan | Fission product yields measurements using monoenergetic photon beams[END_REF].

Due to the Giant Dipolar Resonance (GDR), the photofission cross-section of both odd and even mass number actinides (e.g. 238 U and 235 U) are of the same order of magnitude, contrary to thermal neutron fission for which they differ by several decades. Uranium 235 is a "fissile" actinide (in the sense of thermal neutron fission) of first interest in a radioactive waste, but it is most of the time accompanied with a 10 to 100 times larger mass of uranium 238. Even with well-known photofission cross-sections, relative fission product yields of these two uranium isotopes have to be determined with a good accuracy in view of their discrimination.

J o u r n a l P r e -p r o o f

Several research groups have shown the potential of measuring delayed gamma rays following fission for the differentiation of actinides, such as Hollas et al. [START_REF] Hollas | Analysis of fissionable material using delayed gamma rays from photofission[END_REF] for photofission, Beddingfield [START_REF] Beddingfield | Identification of fissile materials from fission product gamma-ray spectra[END_REF] for thermal neutron fission, with the use of delayed gamma-ray ratios for actinide identification. Further experimental work was conducted by Gmar et al. [START_REF] Gmar | Use of delayed gamma spectra for detection of actinides (U,Pu) by photofission[END_REF], pointing out variations of the delayed gamma-ray emissions for uranium samples of different enrichments. Carrel et al. [START_REF] Carrel | Identification and Differentiation of Actinides Inside Nuclear Waste Packages by Measurement of Delayed Gammas[END_REF] have investigated delayed gamma emission following photofission in mixed samples of 235 U and 238 U, and delayed gammaray ratios for actinide differentiation with samples positioned in the center of an 870 L mock-up package. Simon et al. have also reported the possibility to distinguish uranium 235 and 238 in 870 L radioactive waste packages using Monte-Carlo simulations [START_REF] Simon | Feasibility study of fissile mass quantification by photofission delayed gamma rays in radioactive waste packages using MCNPX[END_REF], by comparing the intensities of gamma rays from photofission products with close energies, for centered and peripheral sample locations.

We present here the first experimental step of the development of a method using photofission as a probe to quantify the fissile mass in large volume heterogeneous radioactive waste packages, which aims at producing cumulative photofission yields for the fission products of 235 U and 238 U, and identifying fission products of interest for 235 U vs. 238 U discrimination. Fission products emitting several gamma rays could be used as attenuation indicators to estimate the depth at which nuclear materials are localized inside the package. In this way, attenuation corrections could be applied to avoid using only closein-energy gamma rays for the discrimination method. The attenuation corrections according to the depth of nuclear materials in the package, also known as matrix and localization effect corrections, are also needed for the final assessment of their mass and constitutes a challenge in large, dense and heterogeneous radioactive waste packages. This paper presents the experimental setup deployed at CEA Cadarache using a highenergy electron LINAC in the CINPHONIE casemate of the CHICADE facility [START_REF] Pérot | The characterization of radioactive waste: a critical review of techniques implemented or under development at CEA, France[END_REF], uranium samples and a high-resolution gamma-ray spectrometer. The experimental and numerical methods used to characterize the interrogating photon beam are then described, as well as the neutron spectrum, by photon and neutron activation analysis, respectively. These data are crucial to finally obtain data on 26 and 49 cumulative photofission yields for respectively 235 U and 238 U fission products, which are presented at the end of this paper.

J o u r n a l P r e -p r o o f

Experimental setup

Experiments were performed by using a Bremsstrahlung photon beam produced by a LINAC located in the CINPHONIE irradiation cell at CEA Cadarache. This SATURNE accelerator initially designed for medical treatments has two accelerating cavities. It has been restored in the past few years in order to meet dose rates and Bremsstrahlung endpoint-energies required by high-energy photon imaging and photofission experiments on large and dense radioactive waste packages. At the time of the experiments presented in this paper, the LINAC was operated in degraded mode and the dose rate at 1 m from the conversion target in the beam axis reached only a few Gy/min (since, it has been upgraded up to several dozens of Gy/min). In pulse mode, the LINAC accelerates electrons up to more than 15 MeV. The electrons strike a tungsten target and a part of their kinetic energy is converted into Bremsstrahlung radiation. The pulse frequency is up to 100 Hz with a pulse width of 4.1 µs and a peak current of 10 mA at the target entrance. Furthermore, a 20 cm thick lead collimator with two rectangular apertures, of dimensions 6.5 cm in width and 5.5 cm in height for the largest and 12 cm in width and 1.5 cm in height for the narrowest, allows focusing the beam on the uranium samples (see further Figure 1). With this setup, however, the photon flux at the output of the collimator aperture is not known precisely, nor is the endpoint-energy of the Bremsstrahlung spectrum, which is expected to be around 15 MeV. Therefore, a characterization of the photon beam produced by the LINAC, using photon activation of reference materials, is detailed in section 3. The tungsten Bremsstrahlung conversion target is a 5 mm thick cylinder with a 4 mm radius, placed perpendicularly to the incident electron beam. The tungsten target and the lead collimator of the LINAC can both produce photoneutrons by (γ,n) reactions when irradiated by highenergy photons. The (γ,n) reaction threshold energies range from 6.19 MeV to 8.07 MeV for tungsten isotopes and from 6.74 MeV to 8.09 MeV for lead isotopes [START_REF] Iaea | Handbook on photonuclear data for applications -Cross-sections and spectra[END_REF]. The photoneutron flux expected at the location of the uranium sample could cause undesired neutron reactions in addition to photofissions, such as neutron fissions that can increase the delayed gamma emission and lead to an overestimation of the cumulative photofission yields, or neutron captures forming activation products that can emit delayed gamma rays constituting of an additional background. To limit the number of photoneutrons reaching J o u r n a l P r e -p r o o f the uranium sample, a borated polyethylene (BPE) and polyethylene (PE) shield made of 20 cm thick blocks has been implemented all around the lead collimator (see Figure 5).

The photon beam attenuation in 20 cm of polyethylene decreases the photofission rate in the samples by a factor 1.7. In order to complete the thermal neutron absorption occurring in the BPE shield, a cadmium layer of 2 mm was added on the front face. The simulated model of the LINAC with the associated collimator and neutron shielding is shown in Figure 1. A sample of Depleted Uranium (DU) of 99.7 % 238 U content, with a mass of several hundred grams and a sample of Highly Enriched Uranium (HEU), composed of more than 90 % of 235 U, with a mass lower than 1 g, were irradiated. The thickness and density of the DU metallic sample being respectively 1 cm and 18.96 g.cm -3 , significant self-attenuation effects occur both for the interrogating photon flux and the delayed gamma rays emitted by photofission products. Therefore, we apply correction factors in order to calculate the photofission product yields (see section 4.2). The second sample consists of a fissile HEU core, with a thickness well below 1 mm, a density of 18.96 g.cm 3 , and zirconium separation wedges with a density of 6.52 g.cm -3 . In addition, the fissile core is held between two Zircaloy sheets of density 6.56 g.cm -3 . In radioactive waste, 235 U is generally mixed with 238 U and Figure 2 shows that the photofission cross-sections of these two isotopes are of the same order of magnitude. They reach only a fraction of barn and the cross-section of 235 U is approximately twice larger than that of 238 U, see Figure 3. The photofission cross-J o u r n a l P r e -p r o o f section being very low compared to the thermal neutron fission cross-sections of fissile isotopes like 235 U (see Figure 3), we use a LINAC to provide a high interrogating photon flux. For incoming neutrons in the MeV energy range, however, the fission cross-section is similar for uranium 235 and 238, and it is only a few barns. As the aim of these experiments is to assess the photofission product yields as precisely as possible, we will estimate the residual contribution of neutron fissions in the uranium samples in section 4.1. [START_REF] Brown | ENDF/B-VIII.0: The 8 th Major Release of the Nuclear Reaction Data Library with CIELO-project Cross Sections, New Standards and Thermal Scattering Data[END_REF] Figure 3: Neutron fission cross-sections of 235 U and 238 U [START_REF] Brown | ENDF/B-VIII.0: The 8 th Major Release of the Nuclear Reaction Data Library with CIELO-project Cross Sections, New Standards and Thermal Scattering Data[END_REF] To this aim, a set of thin metallic activation pellets was irradiated during 1 hour at 100 Hz at the same position as the uranium samples. These so-called "Neutron Activation Spectrometers" (French acronym "SNAC") shown in Figure 4 are pure metallic samples as described in Table 1. They will also be used to characterize the Bremsstrahlung beam by photon activation, namely the photon flux and its endpoint energy, in section 3.1.

150 The uranium samples were located at 43 cm from the LINAC tungsten target. They were fixed on the polyethylene sample holder visible in Figure 5, and irradiated one at a time. Then, an automatic transfer lasting 30 seconds, noted "cooling time" in further J o u r n a l P r e -p r o o f activation analysis equations, was performed from the irradiation position to the counting position for both uranium samples. The transfer is done with a mechanical bench usually dedicated to high-energy photon tomography of radioactive waste packages in the CINPHONIE cell [START_REF] Estre | High-Energy X-Ray Imaging Applied to Nondestructive Characterization of Large Nuclear Waste Drums[END_REF]. The samples used to characterize the Bremsstrahlung beam by photon activation were irradiated in the same position, but the transfer time to a lowbackground spectrometer located in another experimental room was longer. Table 2 summarizes the configuration related to each sample. Note that the LINAC frequency is lowered at 10 Hz (instead of 100 Hz) for the DU sample, resulting in an interrogating photon flux decreased by a factor 10 (same peak current but fewer pulses), in order to limit the dead time due to a high photofission delayed gamma-ray emission in this large sample. In order to measure the fission and activation products created in the uranium samples, we use a 30 % relative efficiency n-type coaxial high-purity germanium detector (HPGe, CANBERRA GR3018) with a transistor-reset preamplifier, coupled to a LYNX Digital Signal Analyzer (CANBERRA) driven by the Genie2000 software (MIRION Technologies) also used for gamma spectra analysis. The energy resolution is 1.8 keV (FWHM) at the 1332.5 keV gamma line of 60 Co. Although an n-type HPGe crystal is used to limit neutron damage, the detector is shielded by lead and polyethylene, as shown in 

LINAC beam characterization

Photon beam

The thin metallic samples initially intended to characterize the photoneutron flux (Au,

In, Cu, Ni and Mg) finally proved to reveal also photon activation gamma rays. Their activation spectrum is presented in Figure 6.

J o u r n a l P r e -p r o o f Especially, gamma rays due to (γ,n) reactions in gold and nickel isotopes were detected (see Table 3). It is worth mentioning that gold is often used as a photon flux monitor [START_REF] Kalam Md | Study on Effective Average (γ,n) Cross Section for 89 Y[END_REF]- [START_REF] Bhike | Exploratory study of fission product yield determination from photofission of 239 Pu at 11 MeV with monoenergetic photons[END_REF]. Since the characteristics of the interrogating photon beam were not known precisely, the photon activation of these materials as well as the samples themselves has been exploited in order to estimate the endpoint-energy of the bremsstrahlung beam and the corresponding photon flux. To this aim, we need to assess the electron energy distribution of the LINAC. The method we used is based on the energy-dependence of photonuclear cross-sections, and on the study of radioactive isotopes produced by these photonuclear reactions [START_REF] Nath | Determination of high-energy X-ray spectra by photoactivation[END_REF]. In addition to gold and nickel, 238 U of the depleted sample and 90 Zr present in both the UZr fissile core and in the Zircaloy frame of the HEU sample were also used in the spectroscopic analysis.

The characteristics of the activation products formed by (γ,n) reactions and leading to detectable gamma rays are given in Table 3. Their half-lives and gamma-ray energies are taken from JEFF-3.3 nuclear database [START_REF] Plompen | The joint evaluated fission and fusion nuclear data library, JEFF-3.3[END_REF]. The net areas of the gamma-ray peaks are derived from the spectra analysis with the Genie2000 software. The net area statistical uncertainty is 𝜎 𝑁 𝑁 2𝐵, where 𝐵 is the Compton background under the peak. Since each material has a different energy threshold and cross-section for the (γ,n) reaction, we are looking for the incident photon flux on the samples that matches the observed activation of four materials. At a distance d from the tungsten target, the experimental photon flux is given by equation ( 1) for gold, nickel and uranium whose gamma rays are coming from the decay of the activation product itself:

J o u r n a l P r e -p r o o f

Ф , E 𝑁 E λ I E 𝜀 E 𝑓 1 1 e . e . 1 e . 𝑐𝑜𝑢𝑛𝑡 Ф , 𝜑 𝐸 𝜎 𝐸 𝑑𝐸 (1) 
With:

-Ф , E 𝛾 the experimental integral Bremsstrahlung photon flux at a distance 𝑑, in photons.cm -2 .pulse -1 unit, calculated from the net number of counts in the peak of energy E (i.e., photon flux corresponding to the measured activation in the samples);

-𝑁 the net number of counts (after subtraction of the Compton background and of potential gamma interferences) in the gamma-ray line of interest;

λ the radioactive decay constant of the activation product in s -1 from JEFF-3.3

nuclear database [START_REF] Plompen | The joint evaluated fission and fusion nuclear data library, JEFF-3.3[END_REF];

-I E the gamma-ray intensity (number of gamma ray of energy E emitted per disintegration) taken from JEFF-3.3 nuclear database [START_REF] Plompen | The joint evaluated fission and fusion nuclear data library, JEFF-3.3[END_REF];

-𝜀 E γ the absolute detection efficiency (number of count in the HPGe detector in the full energy peak of energy E per gamma ray emitted at this energy in the sample), obtained via MCNP6.1 [START_REF]Los Alamos National Laboratory, Mcnp 6 TM User's Manual[END_REF] Monte-Carlo simulation to account for the The case of 90 Zr is slightly different since 89 Zr can also be formed in an isomeric state 89m Zr (587.8 keV gamma ray) following the (γ,n) reaction, and since we are also interested by the daughter nucleus 89m Y (909.0 keV gamma ray) formed by both 89 Zr and 89m Zr decays.

Solving Bateman evolution equations for 89m Zr, 89 Zr, and 89m Y (simplified owing to its short half-life) enables to determine the global 90 Zr(γ,n) reaction rate and to calculate the flux corresponding to the observed activation of 90 Zr, with an equation a bit more complex than (1) but depending on the same parameters. Note that we do not take into account the pulsed emission of the LINAC in photon (or further neutron) activation equations, but we consider a continuous emission during the LINAC irradiation phase, because the half-lives of the observed nuclides are much longer than the LINAC period (0.01 s to 0.1 s).

Since we do not have the possibility to measure the electron energy distribution of our LINAC, we assume a semi-Gaussian shape based on simulations of the electron beam dynamics performed by the LINAC manufacturer [25]. In fact, we are not looking for its exact shape, but an energy distribution leading to a good agreement between measured and calculated gamma rays of the four activated materials. The semi-Gaussian function (see further Figure 7) parametrized with two variables, the endpoint-energy and the width at Then, the number of (γ,n) reactions, in each activation sample was numerically evaluated, corresponding to the convolution of the resulting photon flux on the different materials with their reaction cross-section as explained above in [START_REF] Carrel | Identification and Differentiation of Actinides Inside Nuclear Waste Packages by Measurement of Delayed Gammas[END_REF]. Finally, an experimental photon flux is calculated for each activated isotope ( 197 Au, 58 Ni, 238 U and 90 Zr) by using the net area of the peaks listed in Table 3. As a result, four photon fluxes are obtained for each couple of parameters. The most probable electron energy distribution is then identified as the one minimizing the squared differences between the four flux values.

In other words, the most probable distribution among the 105 parametric cases gives the most consistent flux estimations for the four activation samples. In this case, the electron energy distribution with an endpoint-energy of 15.8 MeV and a 1 MeV width at halfmaximum provides the more consistent photon fluxes for all the materials, as reported in Table 4. The uncertainty on the experimental photon flux for each material is calculated as a quadratic combination of the main following sources of uncertainty:

-a relative uncertainty estimated to 10 % on the (γ,n) cross-section of the activated isotopes, according to the EXFOR cross-section library [START_REF] Otuka | Towards a More Complete and Accurate Experimental Nuclear Reaction Data Library (EXFOR): International Collaboration Between Nuclear Reaction Data Centres (NRDC)[END_REF]. As an example, the -the uncertainties on the radioactive decay constants of the activation products and their gamma-ray intensities, provided by JEFF-3.3 database [START_REF] Plompen | The joint evaluated fission and fusion nuclear data library, JEFF-3.3[END_REF], which are lower than 2 %;

-the uncertainty on the net area of the gamma rays reported in Table 3, which is at most 2.6 %.

The Bremsstrahlung beam characteristics for this most probable electron energy distribution are given in Table 5. Bremsstrahlung photon flux at 43 cm from the tungsten target (0°) This electron distribution is shown in Figure 7 and the corresponding Bremsstrahlung photon distribution calculated with MCNP is given in Figure 8.

J o u r n a l P r e -p r o o f The mean experimental photon flux, at the center of the beam and 43 cm away from the tungsten target, is used to normalize MCNP simulation results that are given per electron impinging on the tungsten target.

Neutron spectrum

As mentioned in section 2, a photoneutron flux resulting from photonuclear (γ,n) reactions of high-energy Bremsstrahlung photons with high-Z materials (W and Pb) is expected at the location of the samples. The analysis of the pellets activation gamma spectrum shown in Figure 6 spotted the presence of fast neutrons through the 336.2 keV gamma-ray line of 115m In, created by the 115 In(n,n') reaction with a threshold around 0.5

MeV [START_REF] Choudens | Radioprotection dans les installations nucléaires[END_REF]. However, this contribution is merged with that of the 115 In(γ,γ') reaction with a poorly known cross-section. The observation of 116m In gamma rays highlights the presence of epithermal neutrons, i.e., with an energy larger than 0.5 MeV, which are not absorbed by the cadmium foil in front of the LINAC head. On the other hand, no thermal neutrons are observed through the activation of the gold foil. Indeed we do not observe the In order to validate the MCNP model, the neutron activation of indium, through the 115 In(n,γ) 116m In reaction, whose cross-section is given in Figure 10, was compared to experimental results. 

𝑁 E 𝑅 𝐼𝑛 𝑛, 𝛾 𝐼𝑛 I E 𝜀 E λ 1 𝑒 . 𝑒 . 1 𝑒 . (2) 
With the same notation as in [START_REF] Carrel | Identification and Differentiation of Actinides Inside Nuclear Waste Packages by Measurement of Delayed Gammas[END_REF] and with 𝑅 𝐼𝑛 𝑛, 𝛾 𝐼𝑛 the reaction rate in s -1 . The gamma-ray energies and intensities are found in JEFF-3.3 nuclear database [START_REF] Plompen | The joint evaluated fission and fusion nuclear data library, JEFF-3.3[END_REF]. The comparison between the simulated and the experimental numbers of counts is given in Table 6. The experimental number of counts corresponds to the peak surface calculated with Genie2000 software. The simulated number of counts is calculated with equation ( 2)

and given with an uncertainty of 18 % corresponding to the quadratic combination of the + 3

The calculated numbers of counts are globally slightly lower than the experimental ones, 7. It can be noted that photoneutron production outside uranium samples (mainly in the LINAC tungsten target and lead collimator) has no significant impact on the parasitic neutron fission rate for this experimental configuration.

For the purpose of calculating the photofission product yields, the photofission rate σ , E dE (in reactions per source electron).

in

J o u r n a l P r e -p r o o f

The uncertainty on 𝑅 𝑈 𝛾, 𝑛 𝑈 is calculated as the quadratic combination of the 13.4 % relative uncertainty on Ф as reported in section 3.1, the 10 % uncertainty on the 238 U(γ,n) 237 U cross-section in accordance with the EXFOR library [START_REF] Otuka | Towards a More Complete and Accurate Experimental Nuclear Reaction Data Library (EXFOR): International Collaboration Between Nuclear Reaction Data Centres (NRDC)[END_REF], and the 0. 

Where:

-𝜏 is the photofission rate in s -1 ;

-N is the Avogadro constant, equal to 6.02 10 𝑚𝑜𝑙 ;

-ℳ is the molar mass of the uranium mixture, expressed in g.mol -1 ;

-𝑚 and 𝑚 are respectively the 235 U and 238 U masses in the sample, in g;

-𝐸 and 𝐸 are respectively the threshold energy of the photofission reactions, around 6 MeV, and the Bremsstrahlung endpoint-energy, 15.8 MeV in this case;

-𝜑 𝐸 is the Bremsstrahlung photon flux at the energy E in the sample;

-𝜎 , 𝐸 and 𝜎 , 𝐸 are the photofission reaction cross-sections at the energy E for 235 U and 238 U, respectively.

The uncertainty on the photofission rate calculated with MCNP is the quadratic combination of the following uncertainties:

-13.4 % relative uncertainty on the bremsstrahlung photon flux, determined in section 3.1, 9.68 1.30 10 𝑝ℎ𝑜𝑡𝑜𝑛𝑠. 𝑐𝑚 . 𝑝𝑢𝑙𝑠𝑒 (see Table 5); -0.4 % and 0.8 % relative statistical uncertainties on MCNP calculations for the photofission rate in the DU and HEU samples, respectively; -2 % uncertainty on the photofission cross-section, according to datasets available in the EXFOR library [START_REF] Otuka | Towards a More Complete and Accurate Experimental Nuclear Reaction Data Library (EXFOR): International Collaboration Between Nuclear Reaction Data Centres (NRDC)[END_REF];

J o u r n a l P r e -p r o o f -2 % uncertainty on the uranium mass of the HEU sample, and a negligible uncertainty (smaller than 1 %) on the uranium mass of the DU sample.

Finally, using the characteristics of the beam (electron energy distribution and photon flux) and the experimental position of the samples with respect to the tungsten target, the photofission rates in the samples calculated with MCNP are: For the DU sample, the delayed gamma-ray spectra have been recorded by sequences of 60 s during the almost three days of acquisition, which allows a spectrum analysis with different cooling and measurement times to limit some interferences between gamma rays close in energy, by exploiting the period differences of their emitting isotopes. For the HEU sample, the acquisition sequences lasted 180 s and the total counting time almost one day.

τ , 2.

Photofission product yields computation

The spectra analysis is performed with the MAGIX code developed by CEA LIST, in collaboration with CEA DES to analyze complex gamma-and X-ray spectra measured with HPGe detectors. This automatic software, based on CEA LIST know-how in complex spectrum processing [29][30], performs a complete analysis of the spectrum: energy calibration, identification of radionuclides, peak deconvolution, determination of a relative detection efficiency, activity calculation for each radionuclide if the absolute efficiency is provided by the end-user, and otherwise activity ratios. One of its main features is to include iterative steps with the automatic analysis of gamma-and X-rays JEFF-3.3 database [START_REF] Plompen | The joint evaluated fission and fusion nuclear data library, JEFF-3.3[END_REF] in order to identify all the peaks associated to the radionuclides potentially present in the list provided by the user.

Theoretically speaking, the fission products created during the irradiation are part of radioactive decay chains and their activities can be calculated by solving Bateman J o u r n a l P r e -p r o o f equations [START_REF] Bateman | The solution of a system of differential equations occurring in the theory of radioactive transformations[END_REF]. In general, these equations can be simplified by considering only the activation of the photofission product emitting the delayed gamma rays of interest, as below in [START_REF] Carrel | New Experimental Results on the Cumulative Yields From Thermal Fission of 235 U and 239 Pu and From Photofission of 235 U and 238 U Induced by Bremsstrahlung[END_REF]. However, as explained further to introduce [START_REF] Naik | Mass distribution in the bremsstrahlung-induced fission of 232 Th, 238 U and 240 Pu[END_REF], we sometimes also need to consider the direct precursor of the photofission product of interest which are respectively called the father and daughter nuclides, like in the work of Kahane et al. [START_REF] Kahane | Photofission of 238 U with neutron-capture gamma rays[END_REF] and Carrel et al. [START_REF] Carrel | New Experimental Results on the Cumulative Yields From Thermal Fission of 235 U and 239 Pu and From Photofission of 235 U and 238 U Induced by Bremsstrahlung[END_REF].

When the delayed gamma rays are emitted by a nucleus with a much longer half-life than its precursors and the cooling time, the net area N(Ei) of its gamma rays of energy Ei is directly related to 235 U and 238 U cumulative photofission yields Yc5,p and Yc8,p through equation ( 6): 

𝑁 𝐸 I E 𝜀 E λ 1 e . e .
With the same notations as in ( 1) and ( 2), and:

ε E the absolute detection efficiency taking into account, in addition to the abovementioned intrinsic detector and geometric efficiencies, the interrogating photon flux self-shielding and delayed gamma self-attenuation in the uranium sample, both estimated with MCNP. For example, regarding the self-shielding in the DU sample, the photofission rate is 2.5 times higher on the entrance surface of the sample, with respect to the LINAC photon beam, than on its rear exit surface.

Concerning self-attenuation, for instance, less than 60 % of 1 MeV delayed gamma rays emitted in the DU sample manage can escape from it;

λ the radioactive decay constant of the fission product j in s -1 ;

τ and τ the photofission and neutron fission rates in the sample, in s -1 ;

-Y , and Y , the cumulative photofission yields of photofission product j, respectively for 235 U and 238 U;

-Y , and Y , the cumulative fast neutron fission product yields of fission product j, respectively for 235 U and 238 U, taken from JENDL database [START_REF] Katakura | JENDL FP Decay Data File 2011 and Fission Yields Data File 2011[END_REF];

η , and η , are the fractions of photofissions occurring respectively in 235 U and 238 U, determined via MCNP simulation;

η , and η , are the fractions of neutron fissions occurring respectively in 235 U and 238 U, determined via MCNP simulations.

J o u r n a l P r e -p r o o f

However, when the photofission product of interest is a daughter nuclide in a decay chain with a father having a similar half-life (for instance 134 I and 138 Cs, which are respectively the daughters of 134 Te and 138 Xe, see radioactive periods in Table 8), its net peak areas are given by [START_REF] Naik | Mass distribution in the bremsstrahlung-induced fission of 232 Th, 238 U and 240 Pu[END_REF].

𝑁 𝐸 𝐼 𝐸 𝜀 𝐸 𝜏 η , 𝑌 , 𝑓 𝑌 , 𝑓 η , 𝑌 , 𝑓 𝑌 , 𝑓 … … 𝜏 η , 𝑌 , 𝑓 𝑌 , 𝑓 η , 𝑌 , 𝑓 𝑌 , 𝑓 (7) 
Where:

-𝐼 𝐸 , 𝜀 𝐸 , 𝜏 , 𝜏 , η , , η , , η , and η , keep the same meaning as in (6);

-𝑌 , and 𝑌 , are the cumulative yields of the father nuclide, respectively for the photofission of 235 U and 238 U;

-𝑌 , and 𝑌 , are the independent yields of the daughter nuclide, respectively for the photofission of 235 U and 238 U. The independent yield (in %) of a photofission product corresponds to the number of nuclei created per 100 photofissions of the considered actinide, right after the prompt neutron emission but before the delayed neutron emission. These values will be calculated to determine the cumulative photofission yield of the daughter nuclide, which is the sum of its independent yield together with that of its precursor. Note that as in Kahane et al. [START_REF] Kahane | Photofission of 238 U with neutron-capture gamma rays[END_REF] and Carrel et al. [START_REF] Carrel | New Experimental Results on the Cumulative Yields From Thermal Fission of 235 U and 239 Pu and From Photofission of 235 U and 238 U Induced by Bremsstrahlung[END_REF], we only consider one precursor since the precursors of the father nuclide have a relatively short half-life compared to the cooling time of these experiments.

In this case, we can write 𝑌 , 𝑌 , 𝑌 , -𝑌 , and 𝑌 , are the cumulative yields of the father nuclide, respectively for the neutron fission of 235 U and 238 U. These values are taken from JENDL database [START_REF] Katakura | JENDL FP Decay Data File 2011 and Fission Yields Data File 2011[END_REF];

-𝑌 , and 𝑌 , are the independent yields of the daughter nuclide, respectively for the neutron fission of 235 U and 238 U. These values are taken from JENDL database [START_REF] Katakura | JENDL FP Decay Data File 2011 and Fission Yields Data File 2011[END_REF];

-The terms 𝑓 and 𝑓 describe the evolution of the number of nuclei over time, and are given by: J o u r n a l P r e -p r o o f

𝑓 1 𝜆 1 𝑒 . 𝑒 . 1 𝑒 . 𝑓 1 𝜆 𝜆 𝜆 𝜆 1 𝑒 . 𝑒 . 1 𝑒 . … … 𝜆 𝜆 1 𝑒 . 𝑒 . 1 𝑒 .
With 𝜆 and 𝜆 the radioactive decay constants of the daughter and father nuclides (in s -1 ), respectively, and 𝑡 , 𝑡 , 𝑡 the irradiation, cooling and counting times (in s).

Note that when the father nuclide half-life is much shorter than that of the daughter nuclide, the cumulative yield of the daughter nuclide can be estimated with ( 6) by analyzing the delayed gamma spectrum after a cooling time equal to six times the half-life of the father nuclide (corresponding to the decay of 98.5 % of father nuclei). This approach is used in practice for the majority of fission products, the precursors of which having very short halflives. However, in some instances, the half-life of the precursor is a few minutes, or dozen minutes, and this approach requires that a sufficient number of daughter nuclei are still present after the abovementioned cooling time, so that their delayed gamma rays can be counted with sufficient statistics. On the contrary, when the daughter nuclide half-life is very short compared to that of the father nuclide, (6) can be used to determine the independent yield of the daughter nuclide instead of its cumulative yield.

Concerning the DU sample enrichment of only 0.3 % ( 238 U), the measured delayed gamma rays directly lead to the photofission products cumulative yields of 238 U. However, according to Table 7, neutron fissions on 238 U represent 5.5 % of total fissions in the sample. Therefore, we use the 238 U fast neutron fission yields available in JENDL database [START_REF] Katakura | JENDL FP Decay Data File 2011 and Fission Yields Data File 2011[END_REF] to subtract the neutron fission contribution to the net areas of the gamma rays emitted by the fission products created in this sample. For the HEU sample, the neutron fissions represent only 0.5 % among total fissions, so we decided to neglect this contribution, but we subtract the 3.7 % of photofissions in 238 U nuclei present in the HEU sample to calculate the 235 U photofission products cumulative yields. For this purpose, we use the photofission yields obtained in this work for 238 U to evaluate the 235 U yields.

J o u r n a l P r e -p r o o f

Finally, 26 and 49 photofission products have been identified in the spectra from their delayed gamma rays, respectively for 235 U and 238 U, and their cumulative photofission yields calculated from ( 6) or [START_REF] Naik | Mass distribution in the bremsstrahlung-induced fission of 232 Th, 238 U and 240 Pu[END_REF]. The cumulative photofission yields measured for 238 U and 235 U are given respectively in Table 8 and Table 10 under the denomination "This work".

Note that when several delayed gamma rays are measured for a photofission product, we calculate a weighted average of the cumulative yields obtained with all the peaks that are correctly processed by MAGIX software (outliers of the net areas, for instance due to interferences, are discarded). The weighting coefficient for each gamma ray is defined as the inverse of the squared relative uncertainty on the net peak area, as described in [START_REF] Naik | Mass yield distributions of fission products from photo-fission of 238 U induced by 11[END_REF]:

𝑦 ∑ 𝑦 , 𝐸 𝜎 𝑁 𝐸 𝑁 𝐸 ∑ 1 𝜎 𝑁 𝐸 𝑁 𝐸 (8) 
Where 𝑦 , 𝐸 is the cumulative photofission yield calculated with the net peak area 𝑁 𝐸 of the gamma ray of energy Ei, and 𝜎 𝑁 𝐸 is the statistical uncertainty calculated by 𝜎 𝑁 𝐸 𝑁 𝐸 2𝐵, 𝐵 being the Compton background under this peak.

The uncertainty associated to the average cumulative yield is calculated with a quadratic propagation of the main uncertainties listed below:

-the uncertainty on the photofission rate in the samples, respectively 13.6 % for the DU sample and 13.4 % for the HEU sample (refer to section 4.1). This uncertainty is the largest one and mainly comes from the uncertainty on the interrogating Bremsstrahlung photon flux. It could be reduced by accurately measuring the (γ,n) cross-sections of the activation materials used to characterize the photon beam, since their current uncertainties are around 10 % in EXFOR library [START_REF] Otuka | Towards a More Complete and Accurate Experimental Nuclear Reaction Data Library (EXFOR): International Collaboration Between Nuclear Reaction Data Centres (NRDC)[END_REF];

-the uncertainty on the absolute detection efficiency of the gamma ray of energy Ei, which is estimated to 7 %;

J o u r n a l P r e -p r o o f

-the relative statistical uncertainty on the weighted average (8), , with

𝜎 𝑦 ∑ .
We provide in Table 9 and Table 11 all the details of the delayed gamma-ray analysis for 238 U and 235 U, respectively: cooling and counting times for each delayed gamma ray, energy and intensity coming from JEFF-3.3 database [START_REF] Plompen | The joint evaluated fission and fusion nuclear data library, JEFF-3.3[END_REF]Error! Reference source not found., net peak area with its associated uncertainty and cumulative yield computed for each line.

Our work is then compared to the values of photofission products cumulative yields previously published. Note that we report a simple average of the yields when several gamma rays are given in the other publications. The characteristics of the interrogating photon beams are indicated in the first two lines of Table 8 and Table 10. For Bremsstrahlung photon beams, the energy indicated corresponds to the endpoint energy.

The nuclides half-lives are from JEFF-3.3 database [START_REF] Plompen | The joint evaluated fission and fusion nuclear data library, JEFF-3.3[END_REF], except for 92 Sr because it is not consistent in the different databases, and therefore its half-life is taken from Leconte et al. [START_REF] Leconte | Accurate γ-ray spectrometry measurements of the half-life of 92 Sr[END_REF]. 138 Cs, 142 La). In addition, correcting the fraction of neutron fissions with respect to photofissions thanks to MCNP improves the estimation of the absolute photofission yields. Other causes of discrepancy between published data are certainly due to differences in experimental configurations, such as the geometry of the samples, energy spectrum of the interrogating photon beam, photoneutron production, measurement sequence (irradiation, cooling and counting times), etc.

The 235 U cumulative photofission yields measured with the HEU sample are given in Table 10. The HEU sample mass being approximately two orders of magnitude smaller than that of the DU sample, counting statistics is not as good and fewer photofission products cumulative yields could be determined for 235 U.

J o u r n a l P r e -p r o o f were a bit smaller than in previous references, they are now a bit larger. For instance, we observe an average difference of 28 % with Carrel et al. [START_REF] Carrel | New Experimental Results on the Cumulative Yields From Thermal Fission of 235 U and 239 Pu and From Photofission of 235 U and 238 U Induced by Bremsstrahlung[END_REF], despite a similar LINAC configuration as in our experiments as already reported. The origin of possible biases in our experiments with DU and HEU samples will be further investigated by using another HEU sample with a larger mass, which will also allow measuring more 235 U yields.

235 U / 238 U discrimination from gamma-ray lines ratios

When photofission occurs, the formation of two asymmetric fission fragments is the most likely to happen, resulting in a mass distribution curve of the fission products comporting two bumps: one for a heavy nucleus centered around mass number 140, and one for a light nucleus centered around 95. Examples of this theoretical mass distribution for photofission products are given in ref. [START_REF] Bernard | A Photofission Delayed γ-ray Spectra Calculation Tool for the Conception of a Nuclear Material Characterization Facility[END_REF] for several actinides. A discrimination information can be obtained between uranium isotopes thanks to their different photofission product yields, and thus the intensity difference in their delayed gamma spectra [1][14]. The 235 U enrichment can thus be computed from photofission delayed gamma ratios of the net areas and from the respective 235 U and 238 U photofission yields ratios of specific photofission product pairs. The efficiency of this discrimination method can be assessed by defining a discrimination criterion based on the difference of photofission yields ratios from any photofission product to any other. By maximizing this , the most appropriate photofission product couples can be identified based on the cumulative photofission product yields we reported in previous section. These pairs of photofission products with the largest values of 𝛿 are given in Table 12. It appears that 128 Sb is part of all fission product couples because of its particularly high ratio between its cumulative yields for 235 U and 238 U. However, the value of its cumulative photofission yield measured in this work for 235 U is more than two times higher than the only value previously published by Carrel et al. [START_REF] Carrel | New Experimental Results on the Cumulative Yields From Thermal Fission of 235 U and 239 Pu and From Photofission of 235 U and 238 U Induced by Bremsstrahlung[END_REF]. Improved counting statistics for 235 U will enable to verify this particular yield and eventually to update the most discriminating pairs of photofission products in future work. Besides, it should be noted that the fission product couples listed above are not equally applicable to practical measurements. Indeed, the energy dependence of detection efficiency and gamma-ray attenuation, due to the waste matrix, for instance, as well as gamma-ray interferences and the experimental sequence (irradiation, cooling, counting times), have to be taken into account to select the relevant fission product couples for a given application. This selection will be refined in future work aiming at developing a practical method to characterize nuclear materials in large radioactive waste packages using photofission.

J o u r n a l P r e -p r o o f

Conclusion

New measurements of cumulative photofission yields with a 15. respectively, from which 8 and 3 yields were not reported so far in the literature. Some photofission products, showing large discrepancies between both uranium isotopes appear as good candidates for an isotope discrimination method based on gamma-ray lines ratios measurement.

The preparation of new experimental campaigns is underway, firstly to assess photofission products cumulative yields for other actinides of interest, like plutonium, and secondly to test the differentiation of actinides isotopes with a strong attenuation of photofission delayed gamma rays by a dense waste matrix, like concrete.

Figure 1 :

 1 Figure 1: MCNP model of the collimator and of the neutron shielding surrounding the LINAC with the collimator aperture (left side) and the accelerating cavity as well as the tungsten target (right side)

Figure 2 :

 2 Figure 2: Photofission cross-sections of 235 U and 238 U[START_REF] Brown | ENDF/B-VIII.0: The 8 th Major Release of the Nuclear Reaction Data Library with CIELO-project Cross Sections, New Standards and Thermal Scattering Data[END_REF] Figure3: Neutron fission cross-sections of 235 U and 238 U[START_REF] Brown | ENDF/B-VIII.0: The 8 th Major Release of the Nuclear Reaction Data Library with CIELO-project Cross Sections, New Standards and Thermal Scattering Data[END_REF] 

Figure 4 :

 4 Figure 4: Position of the different materials with

Figure 5 .

 5 Figure 5. The uranium samples in their measurement position are located 20 cm away from the detector entrance surface to keep dead time below 30 %. The dead time compensation is a live-time correction. For the DU sample measurement, dead time right after the cooling period of 30 s was 29.7 % and gamma spectra are acquired sequentially every 60 s, with a spectrum reset at the start of each sequence. For the HEU sample measurement, the initial dead time is 4.21 % and spectra acquisitions are reset every 180 s. Consequently, it was J o u r n a l P r e -p r o o f

Figure 5 :

 5 Figure 5: Experimental set-up inside the CINPHONIE casemate, with the head of the LINAC (left picture) and the HPGe detector (right picture)

Figure 6 :

 6 Figure 6: Activation gamma spectrum of the Au, In, Cu, Ni and Mg thin pellets

J o u r

  n a l P r e -p r o o f attenuation effects in the sample, the experimental geometry (such as the distance to the detector) and the intrinsic efficiency of the detector; -𝑓 the pulse repetition rate (or frequency) in pulse.s -1 𝐻𝑧 ; -𝑡 , 𝑡 and 𝑡 respectively the irradiation, cooling and counting time in s; -Ф , the integral Bremsstrahlung photon flux at distance 𝑑, obtained by MCNP simulations of the LINAC accelerated electrons impacting the tungsten target, in photons.cm -2 .incident electron -1 ; -𝜑 𝐸 𝜎 𝐸 𝑑𝐸 the number of (γ,n) reactions in the sample per incident electron, calculated with MCNP, corresponding to the Bremsstrahlung spectrum 𝜑 𝐸 convolved with the reaction cross-section 𝜎 𝐸 , from the threshold value E of 𝜎 𝐸 to the endpoint-energy E of 𝜑 𝐸 .

  half-maximum, which are adjusted together. The endpoint-energy was varied from 15 MeV to 17 MeV with 0.1 MeV steps, and the width at half-maximum from 0 MeV (mono-energy distribution) to 2 MeV with 0.5 MeV steps. For each of the 105 pairs of parameters, MCNP simulations were performed by impinging electrons of the considered J o u r n a l P r e -p r o o f energy distribution on the LINAC tungsten target to produce the Bremsstrahlung photon beam.

197

  Au(γ,n) 196 Au reaction cross-section uncertainty is about 10 % in the work of Plaisir et al. [27]; -a relative uncertainty of 7 % on the detection efficiency to take into account the detector intrinsic efficiency (less than 5 % according to the detector model optimization with reference sources) and the modeling of the experimental set-up (uncertainties on samples and on equipment dimensions, arbitrarily set at 5 % J o u r n a l P r e -p r o o f based on our experience of such simulations). Intrinsic and geometric efficiency uncertainties are combined in quadratic sum, leading to 7 % relative uncertainty on detection efficiency; -the statistical uncertainty related to MCNP simulation results, which is lower than 5 % for all activation samples calculations; -the uncertainty associated to the most probable semi-Gaussian model of the electron energy distribution is estimated as the standard deviation of the photon fluxes obtained with the four materials: 5 %;

Figure 7 :Figure 8 :

 78 Figure 7: Most probable electron energy distribution (source of MCNP flux and reaction rate calculations)

411. 8

 8 photoneutron spectrum with and without the borated polyethylene blocks and the cadmium sheet in front of the collimator are shown in Figure 9. Polyethylene attenuates the fast neutron flux created by photonuclear reactions on the LINAC Bremsstrahlung target and on the lead collimator (76 % of photoneutrons being produced in lead), while boron and J o u r n a l P r e -p r o o f

Figure 9 :

 9 Figure 9: Simulation of the neutron energy spectrum with and without the borated polyethylene and cadmium neutron shielding around the LINAC head (tungsten target and lead collimator)

Figure 10 :Figure 6 Figure 9

 1069 Figure 10: 115 In(n,γ) 116m In reaction cross-section, from ENDF/B-VIII.0 [17] J o u r n a l P r e -p r o o f

13. 4 %

 4 uncertainty of the photon flux used to normalize the MCNP simulation result, the 7 % detection efficiency uncertainty and the 10 % uncertainty on the 115 In(n,γ) 116m In reaction cross-section. The other uncertainty sources are considered negligible.

4 .

 4 but the agreement is quite satisfactory taking into account the uncertainty on the calculated thermal neutron flux exiting the neutron shielding. The latter is mainly due to the uncertainty on photoneutron production (itself coming from the uncertainty on the Bremsstrahlung beam characteristics and on the (γ,n) cross-sections of W and Pb) and on the very high neutron absorption in the BPE and Cd shielding.J o u r n a l P r e -p r o o f Cumulative yields of 235 U and 238 U photofission products4.1. Estimation of neutron vs. photofission proportionsMCNP simulations were conducted to characterize neutron production inside the uranium samples via (γ,n), (n,f) and (γ,f) reactions, and their contribution to fast neutron fission (as a reminder of section 3.2, the presence of thermal neutrons was not observed), compared to photofission, which depends on sample geometry and composition of the samples, as shown in Table

Table 7 :For

 7 Fraction of neutrons created inside the uranium samples in the total neutron flux (including photoneutrons produced outside the samples) and part of neutron fissions (in all fissions including photofissions)DU HEUPart of neutrons produced inside the sample (%) 99 66 Part of neutron fissions among total fissions (the thick Depleted Uranium (DU) sample, simulations show that neutrons produced inside the sample itself represent 99 % of the total neutron flux in the sample. They are mainly produced via (γ,n) and (γ,2n) reactions, or during photofissions, and they induce fast neutron fissions representing 5.5 % of total fissions. For the Highly Enriched Uranium (HEU) sample, 66 % of the neutrons are created in the sample itself. Among them, 30 % are produced by (γ,xn) reactions on zirconium isotopes of the UZr fissile core and its Zircaloy support. For this HEU sample, fast neutron fissions only represent 0.5 % of total fissions because of the small thickness of the sample (neutron escape without interaction).

  the samples is calculated with MCNP. It significantly depends on the sample geometry and density because of self-shielding, i.e. attenuation of the Bremsstrahlung photon flux inside the sample. The validity of the DU sample numerical model was first verified by comparing the experimental and simulated (γ,n) reaction rates on 238 U, forming 237 U that emits a 208.0 keV gamma ray following its β -decay. Given the relatively long half-life of J o u r n a l P r e -p r o o f rate can be calculated with (3) using the net area of the 208.0 keV peak.

  𝑈 the simulated reaction rate per LINAC pulse; φ E σ , E dE the number of (γ,n) reactions in the DU sample per source electron, calculated with MCNP, corresponding to the Bremsstrahlung spectrum 𝜑 𝐸 convolved with the (γ,n) reaction cross-section 𝜎 , 𝐸 , from the threshold value 𝐸 of 𝜎 , 𝐸 to the endpoint-energy 𝐸 of 𝜑 𝐸 ; -Ф the integral Bremsstrahlung photon flux in front of the DU sample reported in section 3.1 (photon activation measurements with four material targets): 9.68 1.30 10 𝑝ℎ𝑜𝑡𝑜𝑛𝑠. 𝑐𝑚 . 𝑝𝑢𝑙𝑠𝑒 ; -Ф the integral Bremsstrahlung photon flux in front of the DU sample, obtained by MCNP simulations of LINAC accelerated electrons impacting the tungsten target, in photons.cm -2 .source electron -1 . -Note that the term Ф Ф provides the number of source electrons per LINAC pulse, necessary to normalize the MCNP simulation result of the reaction rate φ E

Figures 11 to 13

 13 Figures 11 to 13 show the delayed gamma spectrum of the DU sample recorded during 67 h, after a 2 h irradiation and a 30 s cooling time. The notations used are PE for Passive Emission, AP for Activation Product and FP for Fission Product.

Figure 11 :

 11 Figure 11: Delayed gamma spectrum of the DU sample (0-1100 keV) recorded during 67 h, after a 2 h irradiation and a 30 s cooling time J o u r n a l P r e -p r o o f

Figure 12 :Figure 13 :

 1213 Figure 12: Delayed gamma spectrum of the DU sample (1100-2000 keV) recorded during 67 h, after a 2 h irradiation and a 30 s cooling time

Figure 14 :Figure 15 :

 1415 Figure 14: Delayed gamma spectrum of the HEU sample (0-1000 keV) recorded during 22 h, after a 2 h irradiation and a 30 s cooling time

Figure 16 :

 16 Figure 16: Delayed gamma spectrum of the HEU sample (2000-3000 keV) recorded during 22 h, after a 2 h irradiation and a 30 s cooling time
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  n a l P r e -p r o o f discrimination criterion δ= , , , ,

8

 8 photoneutrons produced in the LINAC and its surroundings (tungsten target, lead collimator, cadmium sheet) is limited for this type of experiment, most of neutron fissions arising from fast neutrons produced in the sample itself. Finally, the cumulative production yields of 49 and 26 photofission products have been measured for 238 U and 235 U,

Element Mass (g) Diameter (mm) Thickness (mm) Position on Figure 4

  

	Au	0.045	5	0.05	1
	In	2.711	22	1	2 & 4
	Cu	1.731	22	0.5	3
	Ni	10.027	22	3	5
	Mg	6.599	22	10	6

Table 1 :

 1 Characteristics of the neutron activation spectrometers

Table 2 : Experimental configurations Sample LINAC frequency Irradiation time Cooling time Counting time

 2 

	DU	10 Hz	2 h	30 s	67 h
	HEU	100 Hz	2 h	30 s	22 h
	Activation samples (Au, In, Cu, Ni, Mg)	100 Hz	1 h	40 min	43 h

Table 3 :

 3 Activation gamma rays due to the (γ,n) reaction analyzed to characterize the photon beam From the89 Zr and 89m Zr decays

	Activated isotope	Activation product	Half-life	γ-ray line analyzed (keV)	Net area 𝑵 𝒄𝒐𝒖𝒏𝒕𝒔
	197 Au	196 Au	6.17 days	355.8	22332 589
	58 Ni	57 Ni	35.9 h	127.2	427713 1454
	238 U	237 U	6.75 days	208.0	551097 1212
		89m Zr	250.8 s	587.8	44363 248
	90 Zr	89 Zr	3.26 days	/	/
		89m Y *	15.7 s	909.0	182607 438

*

Table 4 :

 4 

	197 Au	9.02 1.26	10
	58 Ni	10.05 1.33	10
	238 U	10.21 1.36	10
	90 Zr	9.43 1.25	10
	Mean photon flux 𝜙	9.68 1.30 10 𝑝ℎ𝑜𝑡𝑜𝑛𝑠. 𝑐𝑚 . 𝑝𝑢𝑙𝑠𝑒

Experimental photon fluxes calculated for the four materials with the most probable electron energy distribution Activated isotope Ф , 𝑝ℎ𝑜𝑡𝑜𝑛𝑠. 𝑐𝑚 . 𝑝𝑢𝑙𝑠𝑒

Table 5 :

 5 Characteristics of the LINAC beam

	End point energy (electron beam)	15.8 𝑀𝑒𝑉
	Width at half maximum (electron beam)	1 MeV

Table 6 :

 6 Experimental vs. calculated areas in the full-energy peaks of 116m In gamma rays

	Energy (keV) Intensity (%)	Experiment (counts)	Simulation (counts)	Relative gap (%)
	1294.5	84.7	20250 ( 287)	19101 ( 3438)	-6
	1097.3	57.6	16937 ( 373)	15463 ( 2783)	-9
	416.9	28.0	25069 ( 429)	23465 ( 4224)	-6
	2112.3	15.3	2086 ( 87)	2013 ( 362)	-4
	818.7	11.6	4756 ( 85)	4266 ( 768)	-10
	1508.2	10.4	1942 ( 52)	1994 ( 359)	

  Given the 0.3 % 235 U content of the DU sample, we consider that all fissions occur on 238 U.As a result, the delayed gamma rays measured with the DU sample are used to directly calculate the 238 U photofission products cumulative yields. In the HEU sample, however, 3.7 % of photofissions occur on 238 U nuclei and 96.3 % on 235 U nuclei. Therefore, the 238 U contribution to photofission will be subtracted to calculate the 235 U photofission products cumulative yields.
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Table 8 :

 8 Cumulative yields (number of photofission product per 100 fissions) for the photofission of 238 U and comparison with published data

	Photon beam type Energy (MeV) Fission Product T1/2 84 Br 31.8 min 87 Kr 1.3 h 88 Kr 2.8 h 88 Rb 17.8 min 89 Rb 15.4 min 90 Rb 2.6 min 90m Rb 4.3 min 91 Sr 9.7 h 91m Y 49.7 min 92 Sr 2.6 h 92 Y 3.5 h 93 Sr 7.4 min 93 Y 10.2 h 94 Sr 1.3 min J o u r n a l P r e -p r o o f Bremsstrahlung Neutron-capture gamma rays Bremsstrahlung Bremsstrahlung Bremsstrahlung Bremsstrahlung Bremsstrahlung 15.8 7.8 16.3 10.0 14.987 8.0 22.0 This work Kahane 1985 [5] Carrel 2011 [6] Naik 2011 [7] Naik 2013 [8] Naik 2014 [9] Wen 2016 [10] 1.37 0.20 ---0.90 0.06 0.30 0.06 -1.96 0.31 1.82 0.21 -1.61 0.20 1.86 0.30 1.11 0.13 1.0 0.06 2.29 0.16 Monoenergetic 13.0 Krishichayan 2019 [11] 2.49 0.19 2.24 0.34 -2.52 0.23 2.77 0.53 2.58 0.19 2.77 0.38 1.0 0.03 2.92 0.17 2.68 0.79 -2.82 0.19 -----3.50 0.55 2.51 0.40 3.30 0.20 -3.12 0.16 3.42 0.34 1.4 0.13 -1.67 0.27 -------1.06 0.17 -------3.86 0.60 3.81 0.45 4.53 0.22 3.82 0.17 3.69 0.23 4.75 0.48 -5.27 0.18 2.35 0.49 3.84 0.44 4.43 0.21 -----4.04 0.63 -4.77 0.22 3.83 0.45 4.26 0.13 4.59 0.47 1.7 0.02 4.82 0.15 4.79 0.81 4.16 0.21 -----8.48 0.96 4.44 0.84 -4.90 0.23 -----4.70 0.94 --5.47 0.76 4.00 0.21 3.91 0.40 -9.53 1.45 4.35 0.68 -4.97 0.23 -----

Table 9 :

 9 Detailed data of the delayed gamma-ray analysis for each 238 U photofission productIt is worth noting that we provide cumulative yields for some238 U photofission products that are not available in prior publications, namely 90m Rb, 90 Rb, 99m Tc, 128m Sb, 130 Sn, 133 Sb,140 Cs and 140 La. Most photofission product yields obtained in this work are in good agreement with existing data, but they are in average 25 % lower than those provided by Carrel et al.[START_REF] Carrel | New Experimental Results on the Cumulative Yields From Thermal Fission of 235 U and 239 Pu and From Photofission of 235 U and 238 U Induced by Bremsstrahlung[END_REF], in spite of a similar experimental configuration in terms of LINAC characteristics. The observed discrepancies in the published cumulative photofission yields can be due to several factors. In our case, analyzing several gamma-ray lines for a same photofission product, when possible, and observing a good consistency in the obtained yields enhances the reliability on the weighted average reported in the above tables (for example 87 Kr, 88 Kr, 134 I, 135 I,138 Xe,

	644							
	Fission Product	Cooling time (s)	Counting time (s)	Gamma-ray energy (keV)	Relative intensity (%)	Net peak area (counts)	Photofission cumulative yield (%)
	84 Br	1185	11429	881.60	41.60	9965 174	1.37
						402.59	49.60	42830	1.99
	87 Kr	334	27474	2554.80 2558.10	9.23 3.92	3882 1646	1.87 1.87
						2011.88	2.88	1497	2.01
						2392.11	34.60	24501	2.18
						834.83	12.97	18760	2.34
						196.30	25.98	17385	2.34
	88	Kr	30	61362	1529.77	10.93	11463	2.27
						2029.84	4.53	3860	2.46
						2035.41 2231.77	3.74 3.39	3441 2658	2.46 2.26
	88	Rb	30	67713	1836.02	22.40	23215	2.68
						1032.00	63.60	14361	3.55
	89	Rb	1003	6626	1248.20	45.60	9090 129	3.42
						657.80	11.00	2723 185	3.42
	90	Rb	30	912	831.68 3383.4	39.90 6.66	1665 103 109 15

Table 10 :

 10 Cumulative yields (per 100 fissions) for the photofission of 235 U and comparison with published data666

		Photon beam type	Bremsstrahlung	Bremsstrahlung	Monoenergetic
	667	Energy (MeV) Fission product T1/2 87 Kr 1.3 h 88 Kr 2.8 h 89 Rb 15.4 min 91 Sr 9.7 h 91m Y 49.7 min 92 Sr 2.6 h 92 Y 3.5 h 93 Sr 7.4 min 93 Y 10.2 h 104 Tc 18.3 min 105 Ru 4.4 h 128 Sn 59.1 min 128 Sb 9 h 129 Sb 4.4 h 130 Sb 39.5 min 131 Sb 23 min 131m Te 1.3 d 134 Te 41.8 min 134 I 52.5 min 135 I 6.6 h 138 Xe 14.1 min 138 Cs 33.4 min 141 Ba 18.3 min 142 Ba 10.6 min 142 La 1.5 h 143 Ce 1.4 d J o u r n a l P r e -p r o o f 15.8 16.3 13.0 This work Carrel 2011 [6] Krishichayan 2019 [11] 4.64 0.74 -3.45 0.28 5.34 0.84 3.63 0.32 3.87 0.22 6.89 1.08 4.69 0.28 -7.71 1.18 5.37 0.26 6.08 0.26 4.80 1.72 5.38 0.25 -7.92 1.24 5.59 0.26 6.52 0.21 9.01 2.44 --8.02 1.53 5.81 0.27 -8.19 2.53 -6.14 0.93 1.52 0.24 -2.37 0.14 1.86 0.29 -1.90 0.11 1.38 0.22 -1.22 0.16 0.90 0.14 0.39 0.02 -2.46 0.36 1.60 0.08 2.47 0.12 1.49 0.25 1.12 0.05 0.82 0.06 3.42 0.53 2.75 0.13 1.59 0.13 1.98 0.33 --5.33 0.84 3.16 0.15 5.37 0.39 7.52 2.22 --7.34 1.14 5.06 0.32 4.72 0.21 7.36 1.18 4.62 0.41 -7.79 2.61 -7.74 0.33 6.92 1.06 -4.43 0.27 5.98 1.06 4.41 0.21 -6.39 2.18 5.15 0.24 5.98 0.19 6.41 0.99 -4.78 0.30

Table 11 :

 11 Detailed data of the delayed gamma-ray analysis for each 235 U photofission productDespite the abovementioned limitations in terms of counting statistics, we provide here cumulative yields for some235 U photofission products that are not reported in prior publications, namely 92 Y, 131m Te and 134 I. For the others, the cumulative yields obtained in this work are quite consistent with existing data, but contrary to 238 U for which our yields

	668
	Cooling time (s) 392 30 5635 30 3646 392 30 30 30 30 J o u r n a l P r e -p r o o f Counting Gamma-ray Relative Net peak Photofission Fission Product time (s) energy (keV) intensity (%) area (counts) cumulative yield (%) 87 Kr 27479 724.30 469.37 316.44 676.36 47.30 17.55 11.12 15.66 3206 1742 1866 1042 1.83 1.83 2.20 1.69 128 Sn 21152 482.30 557.30 59.00 16.52 2967 705 1.38 1.34 128 Sb 73944 314.10 743.30 754.00 526.50 61.00 100.00 100.00 45.00 3968 2788 91 2540 88 1627 0.99 0.91 0.84 0.87 129 Sb 79549 812.80 544.70 1030.00 47.60 18.09 13.33 4025 2746 960 2.31 2.95 2.40 130 Sb 14282 182.33 330.91 793.40 839.52 65.00 78.00 100.00 100.00 1963 1713 94 777 864 1.66 1.60 1.22 1.42 131 Sb 7954 943.40 933.10 46.20 25.87 1404 58 632 3.57 2.82 131m Te 79549 773.67 852.21 39.51 21.40 1416 95 572 2.08 1.45 134 Te 15005 277.95 767.20 201.24 565.99 21.30 29.60 8.90 18.60 5444 3249 89 2502 2509 98 5.31 5.51 4.97 5.18 134 I 33988 884.09 595.36 405.45 857.29 65.08 11.10 7.37 6.70 13413 133 3487 3180 1526 78 7.45 8.38 8.09 8.28 135 I 79549 1260.41 1131.51 288.45 836.80 28.70 22.59 3.10 6.69 5217 89 4657 91 2153 1704 86 7.23 7.49 7.81 7.21

Table 12 :

 12 Photofission products offering the best capability for 235 U vs.238 U discrimination (see the text for the definition of 𝛿)

	Fission product couple	𝜹
	128 Sb/ 104 Tc	3.86
	128 Sb/ 105 Ru	3.61
	128 Sb/ 134 Te	3.28
	128 Sb/ 134 I	3.26
	128 Sb/ 135 I	3.03
	128 Sb/ 142 La	2.98
	128 Sb/ 138 Cs	2.97
	128 Sb/ 131 Sb	2.92
	128 Sb/ 142 Ba	2.92
	128 Sb/ 141 Ba	2.83

U (almost 7 days) with respect to the irradiation time (2 hours), the experimental reaction

The cumulative yield of 140 Ba could not have been calculated considering its long half-life of almost 13 days (compared to the counting time of less than 3 days). We assume that the independent photofission yield of 140 Ba is negligible, as it is the case for neutron fission (Yi,8( 140 Ba) = 0.027 % according to JENDL database [START_REF] Katakura | JENDL FP Decay Data File 2011 and Fission Yields Data File 2011[END_REF]). Since the halflife of 140 La is much shorter than that of its father nuclide 140 Ba (1.7 days vs. 13 days), the independent yield of 140 La can be calculated by analyzing the delayed gamma spectrum. We assume that the sum of the 140 Cs cumulative yield and the 140 La independent yield provide a relevant estimation of the 140 La cumulative yield.
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