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1. Determination of physical characteristics of gamma-ray detectors and optimal geometry of BGO detector system 
In 2017, the detector system of the TANGRA facility was upgraded, which involved the replacement of gamma-ray detectors based on NaI crystals with more efficient BGO crystal detectors. Each detector is a scintillation assembly consisting of a BGO crystal (76 mm in diameter and 65 mm thick) and Hamamatsu R1307 photomultiplier. In total, there are 24 detectors which can be arranged in different geometric configurations relative to the target depending on the problem being solved.

The physical characteristics of the system, such as resolution, efficiency, optimum operating voltage for the new detectors were tested. 

To determine the operating voltage and test each detector of the new system, a specialized test setup was constructed (Fig. 1). Calibration sources 137Cs (Eγ – 662 keV), 60Co (Eγ – 1127 keV and 1332 keV) were placed in the center. The voltage was varied from 800 to 1500 V; the upper limit was selected according to the photomultiplier specifications.
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	Fig. 1. First test geometry for BGO detectors. 


The optimum operating voltages at the photomultipliers of all detectors were selected on the basis of the experimentally obtained dependences of the amplitude of detector signals on the applied high voltage. The energy and time resolution of the detectors were also determined for the energies of gamma-rays emitted by the calibration sources and for the lines of 12С (4.43 MeV), 14N (5.1 MeV) and 16O (6.13 MeV).

To determine the optimal geometric configuration of detector arrangement, various configuration variants were tested. Figures 2, 3, 4 show different configuration variants with 10 detectors with and without a collimator.
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	Fig. 2. System with 10 detectors, configuration variant "A" – compact geometry with a collimator.
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	Fig. 3. System with 10 detectors, configuration variant "B" – compact geometry with a collimator, detectors are located at a distance of 100 cm from the sample position.
	Fig. 4. System with 10 detectors, configuration variant "C" – compact geometry without a collimator, detectors are located at a distance of 100 cm from the sample position.


The result of the test measurements with a carbon target for three presented variants is shown in Fig. 5. It can be seen from the figure that at a target-to-detector distance of 100 cm (green and red curves), the time-of-flight separation of neutrons and gamma-rays is much better than for the compact arrangement of the detectors (black curve). But the number of events registered during the same time period decreases by almost an order of magnitude. At the same time, the comparison of measurements for a distance of 100 cm with and without a collimator (red and green curves) shows that at such large distances the collimator is no longer needed. This allows one to position the target under study as close as possible to the neutron generator, thus achieving a gain in statistics due to a higher neutron flux on the target. Further test measurements together with simulations showed that the detector-sample distance of 65 cm is sufficient for effective separation of neutrons and gamma-rays by time of flight, while the statistics acquisition rate increases by almost an order of magnitude as compared to the old configuration with NaI-based detectors. The final geometry of the facility involves the use of 36 tagged neutron beams and 18 BGO-detectors (Fig. 6).
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	Fig. 5. Time spectra of signals coming from gamma-ray detectors. 
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	Fig. 6. Schematic of TANGRA experimental facility: 1 – generator ING-27, 2 – target, 3 – target holder, 4 – aluminum frame, 5 – support for gamma-ray detector, 6 – gamma-ray detector. 


2. Determination of the position of a tritium target and direction of tagged neutron beams using a 2D silicon strip detector
One of the criteria of correct measurement of neutron beam profiles can be the experimental determination of the position of a tritium target in the ING-27 neutron generator, as well as the comparison of the obtained results with the specification data stated in the generator certificate. A 2D strip silicon profilometer consisting of 16 crossed strips (8 vertical and 8 horizontal strips) producing 64 square zones (pixels) with sides of 15 mm was used as a neutron detector. The detector and preamplifiers were placed in an aluminum housing equipped with a support, which makes it possible to easily move the profilometer in vertical and longitudinal directions. The neutron detection by the profilometer is done by detecting protons and alpha particles produced in the reactions 28Si(n,α)25Mg (reaction energy threshold Bα = 9.985 MeV) and 28Si(n,p)28Al (Bp = 11.586 MeV), which, in its turn, imposes restrictions on the minimum energy of detected neutrons.

To accomplish this task, a number of measurements were made, in which the distances from the end face of the ING-27 neutron generator to the profilometer varied in the direction of the neutron beam, Z. Figure 7 shows the profilometer position relative to the neutron generator for two measurements.
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	Fig. 7. Measurement of profiles of tagged neutron beams for two positions of profilometer relative to ING-27 neutron generator. 
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	Fig. 8. Distribution of tagged beam profiles obtained in the described experiment.


Figure 8 shows the distribution of tagged beams obtained at a distance of 10 cm from the generator. When the distance from the generator to the profilometer is changed, this distribution also changes, which makes it possible to plot the position of the centroid of the tagged beam (Fig. 9) as a function of the distance and thus determine the trajectories of neutrons composing the tagged beam. The result of this procedure for one Y-coordinate is presented in Fig. 10.
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	Fig. 9. 2D approximation of position of tagged beam.
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	Fig. 10. Neutron trajectories estimated by centroids of tagged beams in XZ plane (X-strips are summed). 


Information on neutron trajectories allows us to estimate the position of their intersection point, which should correspond to the tritium target inside the generator, and also to compare the result with the information provided in the generator documentation. The calculated distance from the generator case to the tritium target is 44 mm, which is a good result, taking into account a low spatial resolution of the profilometer.

3. Calculation of angular distribution of gamma-rays emitted in the process of inelastic neutron scattering by atomic nuclei

The search for a correct theoretical description of angular distributions of gamma-rays emitted by nuclei as a result of inelastic neutron scattering is an important problem to be solved in the course of studying inelastic neutron scattering. The available experimental data differ from each other quite a lot, and theoretical predictions could significantly improve the situation in this area. In addition, information on the relationship between the easy-to-measure angular distribution of gamma-rays and properties of the nucleus is of importance for obtaining information about the nuclear structure.

The process of inelastic neutron scattering by nuclei can be described in two fundamentally different approaches, namely using the direct reaction approximation or the compound nucleus approximation.

As a "first step", it was decided to perform calculations within the framework of the compound nucleus model, because, first, this approach is much better described in the literature than the alternative model, and, second, there is evidence of "impurity" in the complex mechanism of the scattering of fast neutrons by light nuclei (B.A.Benetskii, I. M. Frank. Angular correlation between gamma rays and 14-mev neutrons scattered inelastically by Carbon // JETP. ––1963. –– Vol. 17. –– P. 309.).

To calculate the angular distribution of gamma-rays emitted in inelastic scattering, the following model was proposed: a neutron hits the target nucleus, which captures the neutron and as a result, makes a transition to an excited state; then it emits a neutron, and the residual excitation is removed by emitting a gamma-ray. The scheme of this process is shown in Fig. 11.
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	Fig. 11. Scheme of inelastic scattering process.


The results obtained for light nuclei are in poor agreement with the experimental data (Fig. 12), which, in principle, is expected, since the fraction of processes which occur with the formation of compound nuclei is small for light nuclei.
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	Fig. 12. Comparison of the results of calculations with experimental data for 28Si, Eγ = 1.779 MeV, transition E2. 


4. Measurement of angular anisotropy of gamma-rays from inelastic scattering of 14.1-MeV neutrons by different nuclei

The TANGRA (TAgged Neutron and Gamma RAys) project carried out at FLNP is aimed primarily at studying in detail fast-neutron scattering by atomic nuclei using the tagged-neutron method. The measurement of angular (n-γ) correlations in the inelastic scattering of 14.1-MeV neutrons provides additional information about the mechanism of interaction between a target nucleus and a projectile nucleon and about the effective nucleon–nucleon potential. The information about processes of this type is substantially poorer than data available for reactions induced by the inelastic scattering of charged particles by atomic nuclei.

In 2018, in the framework of the TANGRA project, the angular distributions of gamma-rays in the (n, n’γ) reaction on different nuclei were measured. The measurements were carried out using two multi-detector systems: “Romashka” consisting of 22 NaI(Tl) scintillation detectors and “Romasha” comprising 18 BGO detectors. A general view of the experimental setups is shown in Fig. 13. 
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Fig. 13. General view of the experimental setups. Left: “Romashka” detector system consisting of 22 NaI(Tl) scintillators; right: “Romasha” detector system consisting of 18 BGO scintillators. 1 – ING-27 generator, 2 – target, 3 – target holder, 4 – aluminium frame, 5 – support stand for γ-ray detector, 6 – γ-ray detector.

Measurements were made for the following elements: C, Si, O, Bi, Al, Pb, Fe, Ti, Sn, Zn, Mn, Mg, K, Ca, Na, Cl, N, Ni, P. An example of the angular distribution of gamma-rays for the 6.13-MeV oxygen line is shown in Fig. 14.
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Fig. 14. Angular distribution of gamma-rays with an energy of 6.13 MeV from the 16O(n,n’γ)16O reaction. The probability of gamma-ray emission as a function of the cosine of the angle of emission relative to the direction of incident neutrons is described by the expression 
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5. Determination of optimal sizes of irradiated samples
To determine the optimal shape of irradiated samples, a Monte-Carlo simulation program based on GEANT4 was used. The optimal sample sizes were considered to be those that, firstly, would allow using as many tagged beams as possible, and, on the other hand, would not distort the resulting angular distributions exceeding 10%. In addition, the manufacturing of a sample with optimal sizes should not present any difficulties. An illustration of the model used in the program is shown in Fig. 15.
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Fig. 15. Model used to determine optimal sizes of irradiated samples. A ring with R = 75 cm and width of 10 cm is used as a detector.
In the given simulation, neutron beams close in parameters to experimental ones were used; the calculations were based on experimentally measured tagged beam profiles. To determine the the sample shape effect on the resulting angular distributions, an anisotropy distribution of gamma-rays emitted in inelastic neutron scattering by nuclei in the sample (defined in GEANT4) was replaced with an isotropic distribution.

6. Determination of correction factors for measured angular distributions and systematic errors

A similar program was used to calculate the corrections for absorption and scattering of neutrons and gamma-rays in the irradiated sample. The model used in the calculations is shown in Fig. 16.

In this approach, the correction coefficients are calculated as the areas of model photopeaks normalized to the photopeak area averaged over all detectors. Examples of the calculated correction factors for iron samples (10 × 10 × 5 cm, NaI ROMASHKA and 4 × 14 × 4 cm, BGO ROMASHKA) are shown in Fig. 17.

In addition to the correction factors, the errors of angular distributions arising from the uncertainties of geometrical parameters of the setup were calculated. For this purpose, the correction factors were calculated for displaced detectors/sample, and the geometrically determined errors were estimated according to the formulas:
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The results of the calculations with the biased parameters are shown in Fig. 18.
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Fig. 16. Model used to calculate corrections of angular distributions.

[image: image1.jpg]



Fig. 17. Correction factors calculated for iron samples (10 × 10 × 5 cm, NaI ROMASHKA, left, and 4 × 14 × 4 cm, BGO ROMASHKA, right).
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Fig. 18. Error estimates obtained by modeling (values of correction factors with biased parameters) (left), correction factor containing estimated errors (right).
7. Determination of gamma-ray detector response function 

In order to more accurately determine the areas of photopeaks, it is necessary to correctly evaluate the background under the photopeaks. One of the ways to do this is to determine the response function of the detector. For this puprose, one needs some “base” spectra, in which the relationships between the individual components are defined. To obtain such spectra, we used GEANT4.

To construct the response function, two approaches can be used. In the first one, an approximating function is chosen for each individual component. Another approach employs a numerical function based on the simulation results, which is later used to approximate the experimental spectra.

In the general case, the numerical response function is constructed from individual monoenergetic components:
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where N is the number of counts in a bin corresponding to the energy E; A is the photopeak area; a, b are the parameters determining the resolution of the detector (we assume that [image: image23.png]aE?



). For the interpolation of a numerically defined function, the Akima spline was used, which, unlike the cubic spline, does not produce blips in the peak vicinity. The full spectrum is described by the sum of monoenergetic components; a background measurement (measurement without a sample) can be considered as one of the components of the response function. The final expression for the response function can be represented as follows: 
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 is the area of the neutron backround dependence ([image: image27.png]


) corresponding to neutrons hitting the gamma-detector, [image: image28.png]


 is the area of the background dependence corresponding to gamma-rays ([image: image30.png]


) emitted following inelastic neutron scattering in the sample and not forming the main gamma components ni; Aexp is the calibration coefficient corresponding to the background measurement, β. The result of the approximation to the experimental spectrum is shown in Fig. 19.
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Fig. 19. Approximation of the experimental spectrum by the response function.
8. Measurement of gamma-ray spectra from inelastic scattering of 14.1-MeV neutrons using an HPGe detector

The aim of this experiment was to test the possibility of using a high-resolution high-purity germanium detector (HPGe) in experiments with tagged neutrons, as well as to obtain reliable and independent information on the level positions and energies of gamma-transitions for all studied nuclei, for which the angular correlations of gamma-rays in the inelastic neutron scattering were measured. For this purpose, a test configuration was assembled as shown in Fig. 24. In the measurements, we used an ORTEC HPGe detector with an efficiency of ~ 45% and energy resolution of ~ 2 keV at 1332-keV line.
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	Fig. 20. Experimental layout for measuring gamma spectra from inelastic scattering of tagged neutrons by nuclei using a high-purity germanium detector.


A comparison of the energy spectra for a sample of glass (SiO2) obtained using three different detectors (NaI(Tl), BGO and HPGe) is given in Fig. 21.
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Fig. 21. Energy spectra from three different detectors for a sample of glass (SiO2).
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