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ESTIMATION OF THE BEAM POWER GAIN FOR DEEP-SUBCRITICAL 

URANIUM ASSEMBLY QUINTA UNDER RELATIVISTIC PROTON, 
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The experimental study of the beam power gain for deep-subcritical uranium target assembly Quinta (mass of 

natural uranium 512 kg) under relativistic protons, deuterons and carbon nuclei irradiation is presented. The Quinta 

assembly was irradiated with 0.66 GeV protons, 1, 2, 4, and 8 GeV deuterons and 24, 48 GeV carbon nuclei from 

the Phasotron and Nuclotron accelerators at the Joint Institute for Nuclear Research (JINR), Dubna. The beam pow-

er gain values obtained for the target assembly Quinta were extrapolated for a quasi-infinite uranium target using the 

results of the R.G. Vasilkov et al. [1]. The obtained results can be used in the ADS reactor design. 

PACS: 28.41 Kw, 28.50. Ft  
 

INTRODUCTION 

Within the framework of the international project 

"Energy and Transmutation of RAW" a series of exper-

iments aimed at the new ADS concept [2] verification 

was carried out in 2011-2015 at the Nuclotron and 

Phasotron accelerators (JINR, Dubna). This system is 

intended for long-lived radioactive waste transmutation 

with simultaneous energy production. The basic physi-

cal idea of this approach is to use natural (depleted) ura-

nium or thorium to create an ADS with a deep subcriti-

cal quasi-infinite (with negligible neutron leakage) mul-

tiplying target irradiated with protons, deuterons, or 

light nuclei with energy in the range 1…5 AGeV and 

possibly higher. In accordance with the experimental 

and theoretical results [1, 3 - 5] obtained over the last 

decades, such scheme can provide extremely hard neu-

tron spectrum within the subcritical active core and en-

sure an effective burning of core material as well as 

spent nuclear fuel added to the initial core. 

The experiments ("Energy and Transmutation of 

RAW") were carried out with a target assembly (TA) 

Quinta which containing 512 kg of natural uranium sur-

rounded by a lead blanket. The TA Quinta was irradiat-

ed with 0.66 GeV protons, and deuterons and carbon 

nuclei with energy in the range 1…4 AGeV.  

In papers [6 - 12] the energy spectra of the second-

ary neutrons inside and on the surface of the TA Quinta 

were studied. Comparison of model calculations with 

experiments has shown that the simulation satisfactorily 

describes the experimental data for neutrons with ener-

gies below 25 MeV. At the same time, for neutrons with 

En > 25 MeV there was a significant discrepancy be-

tween the experiment and simulations. Simulations with 

various standard codes did not reproduce the experi-

mental fact of substantial hardening of the neutron spec-

trum with deuteron beam energy increasing from 1 to 8 

GeV. 

Data on the transmutation of some long-lived minor 

actinides from the composition of radioactive waste in 

the hard neutron spectrum of the TA Quinta were ob-

tained in [13]. Nuclear reactions with 
232

Th, 
127

I and 
129

I 

were investigated in papers [14, 15]. It should be noted 

that for thorium, as for 
238

U, the reaction product yields 

associated with the high-energy part of the neutron 

spectrum are not reproduced by simulation.  

In paper [18], the spatial distributions of 
59

Co(n, xnyp) reaction rates in a wide range of threshold 

energies from 0 to 70 MeV were investigated. The 

simulations underestimate the production of isotopes 

with high threshold energy. 

In experiments [7, 16, 17] spatial distributions of the 
239

Pu production rates and 
238

U fission were studied, and 

the 
238

U fission total number and 
239

Pu production in the 

volume of the uranium target were estimated. The 
238

U 

total number of fission and 
239

Pu production, normalized 

per 1 deuteron and per unit of its energy, turned out to 

be constant within the experimental errors for the ener-

gy range of the primary deuteron beam from 1 to 

8 GeV, whereas simulations predict their decrease with 

energy increasing.  

In this study the experimental values of beam power 

gain (or energy gain) G for TA Quinta irradiated by 

proton, deuteron and carbon beams are presented. The 

beam power gain in the multiplying target is one of the 

all-important ADS characteristics, indicating its ability 

to produce energy. G values were determined using the 

experimental values of the total number of fissions in 

the volume of uranium target. This values for the Quinta 

target are extrapolated for a quasi-infinite uranium as-

sembly using results obtained by R.G. Vasilkov et al. 

[1], in which the uranium target (effective mass 

~ 7 tons) was irradiated with 660 MeV protons. 

1. BEAM POWER GAIN 

The beam power gain G can be determined by the 

following expression:           

pffp EEnEG /)(  ,                  (1) 

where Ep is the accelerated particle energy (GeV); nf is 

the uranium fission numbers in the uranium assembly 

per one accelerated particle; Ef is the fission energy 

(0.197 GeV). 

The beam power gain determined in this way ap-

proximately corresponds to the total heat release in the 

target assembly normalized per primary ion beam pow-
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er. In this case, we assume that only a small fraction of 

the primary ion energy is out of the extended uranium 

target with -quanta, 

 mesons and neutrons leakage. 

On the other hand, we take into account only the basic 

heat release due to the uranium fission, without taking 

into account other possible exothermic reactions on the 

secondary particles. 

The minimum beam power gain value Gmin required 

for the energy reproduction (grid power required to run 

the accelerator) is determined by the value of the elec-

tric to beam power conversion efficiency (the wall-plug 

efficiency) ηacc and the thermal to electric power con-

version efficiency ηel: 

  1

minmin





 elacc

elacc

beam
beam G

P
PG 


,     (2) 

where Pbeam is the power of primary ion beam. 

The thermal to electric power conversion efficiency 

ηel can reach value ~ 45% (ηel =41% for sodium-cooled 

fast reactors BN-600, ηel = 42% for lead-cooled fast 

reactor "Brest").  

The coefficient ηacc is different for different types of 

accelerators. In the class of high power accelerators for 

ADS applications, the highest value ηacc = 19.5% was 

achieved for the PSI cyclotron (The Proton Accelerator 

Facility of the Paul Scherrer Institute) with beam power 

of 1.4 MW, energy of 0.59 GeV and beam current of 

2.4 mA [19 - 21].  

With the beam power increasing, the coefficient ηacc 

increases. Thus, if the beam current increases to 5 mA at 

the PSI cyclotron, then the expected value of ηacc will be 

about 25% [19, 21]. It is also shown that the parameter 

optimization of the high-power accelerators for ADS 

makes it possible to reach ηacc ~ 40% [19, 22]. 

Thus, for sufficiently powerful beams 

(Pbeam > 3 MW), the beam power gain Gmin required for 

the energy reproducing must be at least about 9 (at  

ηacc = 0.25, ηel = 0.45). For more powerful beams 

(Pbeam > 10…20 MW), it is possible to ensure energy 

reproduction even at Gmin ≈ 6…7.5 (ηacc = 0.3…0.4). 

It should be noted that it is necessary to distinguish 

the starting beam power gain and the corresponding 

equilibrium beam power gain, which is steady in the 

reactor core when 
239

Pu equilibrium concentration is 

reached after a certain run-time of the ADS [3]. In this 

paper the dependence of the starting beam power gain 

from the energy and the type of bombarding particles 

for TA Quinta (512 kg 
nat

U) is experimentally investi-

gated. 

2. EXPERIMENTAL PROCEDURE 

The uranium target of the TA Quinta consists of 

5 hexagonal sections (114 mm in length, 350 mm in 

height) filled with metallic natural uranium cylindrical 

rods. The total mass of uranium in 5 sections of the tar-

get is ≈ 512 kg. Quinta is a deep subcritical assembly 

with keff ≈ 0.22. The uranium fill factor is about 0.6. The 

uranium target is placed inside 10 cm thick lead blanket. 

Figure shows the TA Quinta at the irradiation position 

in focus of the Nuclotron accelerator.  

Before, between and behind of the uranium target 

sections in 17 mm gaps, detector plates are mounted. On 

these plates the various types of activation and track 

detectors are placed. For more detailed description of 

TA Quinta and detectors location, see [16, 17]. 

 
TA Quinta at the irradiation position 

in the F3 focus of the Nuclotron accelerator 

The total number of particles to hit the target was 

determined via 
27

Al(a, x)
24

Na and 
nat

Cu(a, x)
24

Na reac-

tion induced in 30 m thick aluminum and copper acti-

vation monitors. Aluminum beam monitors were placed 

at a distance of more than 2 m from the TA Quinta at 

the forward end of the gas-filled ionization chamber to 

avoid the contribution of 
27

Al(n, α)
24

Na reaction to the 
24

Na production caused by backscattered neutrons. De-

tailed information of the beam monitoring is published 

in [23]. The beam shape and beam positioning on the 

target were determined using the track detector tech-

nique [24]. 

Spatial distributions of
 
 

238
U(n, f) reaction rate were 

determined via activation of the natural uranium foils 

(29 pieces) located inside the uranium target on the de-

tector plates.  

After the end of irradiation, the uranium foils were 

taken out from the target to measure γ-spectra using 

HPGe detectors. Detection efficiency curves of HPGe 

detectors for various measurement positions were con-

structed using the following standard gamma sources: 
54

Mn, 
57

Co, 
60

Co, 
88

Y, 
109

Cd, 
113

Sn, 
133

Ba, 
137

Cs, 
139

Ce, 
152

Eu, 
228

Th, and 
241

Am.   

The fission number in the foils was determined by 

measuring the intensity of γ-lines at 743.36 keV (93% 

yield per decay), 364.49 keV (81.5%), 529.9 keV 

(87%), and 293.3 keV (42.8%), which accompany the β-

decay of fission products 
97

Zr, 
131

I, 
133

I, and 
143

Ce, re-

spectively. The γ-lines listed above are the most intense 

for these isotopes and, in addition, are isolated in the 

measured γ-spectra. The cumulative yields of these fis-

sion products do not greatly change (< 30%) in a wide 

range of neutron energies from fission spectrum to 60 

MeV [25 - 30]. Table 1 shows the values of the cumula-

tive yields of fission fragments, which were used to de-

termine the number of fissions in uranium foils. These 

values were obtained by averaging the cumulative 

yields of 
238

U fission by the fission neutrons and 

14 MeV neutrons. 

The experimental fission rates obtained via produc-

tion rates of isotopes 
97

Zr, 
131

I, 
133

I, and 
143

Ce were aver-

aged with weights corresponding to their statistical un-

certainties. 
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Table 1 

 Cumulative yields of some fragments 

in neutron induced fission of 
238

U [25] 

Neutron 

energy 

Cumulative yields, % 
97

Zr
 131

I
 133

I
 143

Ce 
Fission  

spectrum 

 

5.56 

 

3.29 

 

6.76 

 

4.62 
14 MeV 5.28 3.99 6.00 3.91 
Average 5.42 3.64 6.38 4.27 

3. RESULTS AND DISCUSSION 

In the series of experiments the uranium fission 

number spatial distributions inside the Quinta target 

were obtained for various primary beams: 0.66 GeV 

protons, 1, 2, 4, and 8 GeV deuterons, and 24 and 

48 GeV carbon nuclei. The total fission number in the 

uranium target was determined by numerical integration 

of the measured uranium fission rate spatial distribu-

tions in the approximation of a cylindrical target with 

diameter D = 286 mm (the vertical size of the uranium 

target sections). The determination of the integral fis-

sion values was carried out taking into account the radi-

al volumes for each point, the effective density of urani-

um in each section (the mass of the uranium section 

divided by the geometric volume of the section) and the 

beam position on the target (recalculation of the foil 

distances from the beam axis).  

The total numbers of fission obtained for the TA 

Quinta are shown in Table 2 per one accelerated parti-

cle, and per beam power. Errors in this values obtained 

for deuteron beams are given in the table without taking 

into account the systematic error (10%) in the reference 

cross-section of the Al(d, x)
24

Na reaction used for de-

termining the total intensity of the deuteron beams. 

Table 2  

Total numbers of fission per 1 particle,  

and per beam power 

Beam, GeV Nf /particle Nf/particle/GeV 

p(0.66) 4.1 ± 0.3 6.2 ± 0.5 
D(1) 8.9 ± 0.6 8.9 ± 0.6 
D(2) 19 ± 1 9.7 ± 0.6 
D(4) 37 ± 2 9.2 ± 0.5 
D(8) 71 ± 4 8.9 ± 0.5 

12
C(24) 160±20 6.7±0.9 

12
C(48) 340±40 7.1±0.8 

It should be noted that total number of the fission re-

action (per beam power) in the volume of the uranium 

target Quinta for deuteron beams with energies from 

1 to 8 GeV is independent of the beam energy within 

the limits of statistical errors (up to 7%). The total num-

ber of fission for deuterons is in 1.4 to 1.5 times greater 

than for protons with energy of 660 MeV at the same 

beam power. In the case of 
12

C nuclei the total number 

of fission is noticeably lower than in case of deuteron 

irradiation. Perhaps this is due to underestimate the 

monitor reaction cross sections used for determining the 

total intensity of 
12

C beams. 

For all primary beams the beam power gain values G 

for TA Quinta were determined using the expression 

(1). The results are shown in Table 3. The beam power 

gain values are in range from 2 to 3 for all beams. The 

small values of G are explained by the insufficient di-

mensions of the uranium target used in the experiments, 

which leads to a large neutron leakage. In particular, 

simulations performed using the MCNPX 2.7 code 

show that almost 80% of all the generated neutrons 

leave the Quinta target without further interaction in 

uranium [13]. The large neutron leakage is also con-

firmed by the results published in [7, 16]. 

Using the results of the R.G. Vasilkov et al. [1], the 

beam power gain values for the Quinta assembly were 

extrapolated for a quasi-infinite uranium assembly in 

which all the generated neutrons are completely utilized. 

In paper [1], for a large natural uranium target with a 

mass of about 3.5 tons (due to asymmetric beam input, 

the effective mass was about 7 tons), the fission total 

number of 18.5 ± 1.7 per 1 proton with an energy of 

0.66 GeV was obtained. The corresponding beam power 

gain value is 6.5. This is without considering the fis-

sions in the central part of the target (3-4 fissions) and a 

small neutron leakage of 10…12%.  

Taking into account 3 fissions in the central part and 

neutron leakage of 11%, for a quasi-infinite natural ura-

nium target for the fission number per one proton 

(0.66 GeV), we obtain: 

5.23311.15.18),( RfissionN   

and corresponding beam power gain G∞ value is about 8. 

Comparison of our experiments performed with pro-

ton beams and deuteron beams shows that for a deuteron 

beam with 2 GeV energy, the total number of fission per 

beam power is 1.5 times larger than for 0.66 GeV protons 

(4.6 times larger per particle), i.e., in a quasi-infinite 

uranium target for the deuteron beam power gain with 

2 GeV energy, we can expect the value 

6.112)2197.06.45.23() 2 (  GeVDG . 

Values of G∞ for the other beams estimated in a sim-

ilar way are shown in Table 3.  

Table 3  

Beam power gains for TA Quinta and corresponding 

estimations for quasi-infinite uranium target 

Beam (Energy, GeV) G Quinta G∞ 

p(0.66) 2.2 - 
d(1) 2.7 11 
d(2) 2.9 11.6 
d(4) 2.9 11.4 
d(8) 2.8 11 

12
C(24) 2.3 8.5 

12
C(48) 2.4 9 

p(0.66) [1] - 8 
 

The estimated G∞ values satisfy the minimum re-

quirements (Gmin > 7) for energy reproduction (grid 

power required to run the accelerator). At the same 

time, simulations for quasi-infinite targets give signifi-

cantly lower beam power gain values. For example, 

simulation with the MARS15 code (120 cm diameter 

uranium target with 110 cm length) gives the maximum 

beam power gain value ~ 5.5 for protons with an energy 

of 2…4 GeV [31]. Simulation with the MCNPX 2.7e 

code [32] for the quasi-infinite depleted uranium target 

with a mass of ~ 22 tons, irradiated by protons and deu-

terons of 1, 6, 12 GeV, gives beam power gain about 4. 
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If the beam power gain estimates based on experi-

mental data are correct, a deep subcritical reactor with a 

quasi-infinite natural uranium target can, for example, 

be used for minor actinide transmutation with return of 

the spent energy back to the electrical mains. Indeed, in 

the fast neutron spectrum (> 1 MeV) the fission cross 

sections are equal to 1…2 barns for all minor actinides 

and exceed the corresponding fission cross sections of 

238-uranium. For the fissile 
239

Pu and 
241

Pu isotopes the 

effective cross section over the neutron spectrum pro-

duced in the natural uranium target will be an order of 

magnitude larger. The minor actinide fission energy is 

also ~ 0.2 GeV, i.e., the spent nuclear fuel (minor acti-

nides) placed in the natural uranium target will not re-

duce the energy release in such target. 

SUMMARY  

In this study the starting beam power gain depend-

ence from the energy and the type of bombarding parti-

cles for uranium target assembly Quinta (512 kg 
nat

U) 

was experimentally investigated.  

It is shown that for such natural uranium target and 

for deuteron beams with 1…8 GeV energy range the 

beam power gain is independent of the deuteron energy 

within the limits of statistical errors (up to 7%). 

For target assembly Quinta the beam power gain 

values are 2.7…2.9 for 1…8 GeV deuteron beams, 

2.2…2.4 for 0.66 GeV proton, and 24, 48 GeV for car-

bon beams.   

Comparing our experimental data obtained using 

proton and deuteron beams with the results of the exper-

imental work [1] it follows that the beam power gain for 

deuteron beams with 1…8 GeV energy can reach value 

about 11 for a quasi-infinite uranium target. 

In terms of further research, first of all, it is neces-

sary to conduct experiments using the quasi-infinite 

uranium target “Buran” [31] built in JINR, Dubna (21 

tons of depleted uranium with a replaceable central zone 

of the target), and with 660 MeV proton beam to con-

firm the results of Ref. [1]. 
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КОЭФФИЦИЕНТЫ УСИЛЕНИЯ МОЩНОСТИ ДЛЯ ГЛУБОКО ПОДКРИТИЧНОЙ УРАНОВОЙ 

СБОРКИ КВИНТА ПРИ ОБЛУЧЕНИИ РЕЛЯТИВИСТСКИМИ ПРОТОНАМИ,  

ДЕЙТРОНАМИ И ЯДРАМИ УГЛЕРОДА  

В.А. Воронко, А.А. Жадан, В.В. Сотников, И. Aдам, А.А. Балдин, А.И. Берлев, А.A. Солнышкин, 

С.И. Тютюнников, В.И. Фурман, K.В. Гусак, И.В. Жук 

Представлены результаты экспериментального определения коэффициентов усиления мощности первично-

го пучка при облучении релятивистскими протонами, дейтронами и ядрами углерода глубоко подкритичной 

урановой сборки КВИНТА (512 кг 
nat

U). Сборка КВИНТА облучалась 0,66 ГэВ протонами; 1, 2, 4 и 8 ГэВ дей-

тронами и 24, 48 ГэВ ядрами углерода на ускорителях ФАЗОТРОН и НУКЛОТРОН Объединенного института 

ядерных исследований (ОИЯИ), г. Дубна. Значения коэффициентов усиления мощности для сборки КВИНТА 

были экстраполированы для квазибесконечной урановой мишени c использованием результатов работы [1]. 

Полученные результаты могут быть использованы при проектировании ADS установок. 

КОЕФІЦІЄНТИ ПОСИЛЕННЯ ПОТУЖНОСТІ ДЛЯ ГЛИБОКО ПІДКРИТИЧНОЇ УРАНОВОЇ 

ЗБІРКИ КВІНТА ПРИ ОПРОМІНЕННІ РЕЛЯТИВІСТСЬКИМИ ПРОТОНАМИ,  

ДЕЙТРОНАМИ І ЯДРАМИ ВУГЛЕЦЮ 

В.О. Воронко, А.О. Жадан, В.В. Сотников, І. Aдам, О.О. Балдін, А.І. Берлєв, О.О. Солнишкін, 

С.І. Тютюнников, В.І. Фурман, K.В. Гусак, І.В. Жук 

Представлені результати експериментального визначення коефіцієнтів посилення потужності первинного 

пучка при опроміненні релятивістськими протонами, дейтронами і ядрами вуглецю глибоко підкритичної ура-

нової збірки КВІНТА (512 кг 
nat

U). Збірка КВІНТА опромінювалася 0,66 ГеВ протонами; 1, 2, 4 і 8 ГеВ дейтро-

нами і 24, 48 ГеВ ядрами вуглецю на прискорювачах ФАЗОТРОН і НУКЛОТРОН Об’єднаного інституту яде-

рних досліджень (ОІЯД), м. Дубна. Значення коефіцієнтів посилення потужності для збірки КВІНТА були екс-

трапольовані для квазібезкінечної уранової мішені c використанням результатів роботи [1]. Отримані резуль-

тати можуть бути використані при проектуванні ADS установок. 

http://www.khs-erzhausen.de/GEFY.html

