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Krivopustov M. I. et al. E1-2004-79

Investigation of Neutron Spectra and Transmutation

of 129 	, 237
� and Other Nuclides with 1.5 GeV Protons

from the Dubna Nuclotron Using the Electronuclear Setup «Energy plus

Transmutation»

Experiments which are part of the scientific program «Investigations of physical aspects of electronu-

clear method of energy production and transmutation for radioactive waste of atomic energetics using rela-

tivistic beams from the JINR Synchrophasotron/Nuclotron» (project «Energy plus Transmutation») are de-

scribed. A large lead target surrounded by a four-section uranium blanket with total weight of 206.4 kg nat-

ural uranium was irradiated with 1.5 GeV protons from the new cryogenic accelerator Nuclotron.

Radiochemical sensors were exposed to the secondary particle fluences inside and on top of the target as-

sembly. Two long-lived radioactive waste of atomic energetics sensors 129 	 and 237
� (approximately 1 g

weight each) and stable nuclides �� Al, �� Co, ��� I, ��� La , 197 Au and 209 Bi as well as natural and enriched

uranium were used. In addition, various solid state nuclear track detectors and nuclear emulsions were ex-

posed simultaneously. The experimental results confirm the theoretical estimations that the neutron spectra

around the U/Pb-assembly are dominated by medium- and high-energy neutrons as shown by the observa-

tion of ( , )n xn -reaction products in Co, Au and Bi sensors. The yield of thermal neutrons on the surface

of the U-blanket is strongly reduced as compared to the surface of a smaller Pb target surrounded with paraf-

fin. The latter data were determined with ( , )n � reactions in stable La sensors. In this experiment the tech-

nique of nuclear emulsions has been applied for the first time to measurements of neutron spectra in an accel-

erator driven system.

The investigation has been performed at the Veksler and Baldin Laboratory of High Energies, JINR.
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Êðèâîïóñòîâ Ì. È. è äð. E1-2004-79

Èññëåäîâàíèå ñïåêòðîâ íåéòðîíîâ è òðàíñìóòàöèè ðàäèîàêòèâíûõ îòõîäîâ ��� I,
��� Np è äðóãèõ íóêëèäîâ íà ïó÷êå ïðîòîíîâ äóáíåíñêîãî íóêëîòðîíà

ñ ýíåðãèåé 1,5 ÃýÂ íà óñòàíîâêå «Ýíåðãèÿ ïëþñ òðàíñìóòàöèÿ»

Îïèñàíû ýêñïåðèìåíòû ïî ïðîãðàììå «Èññëåäîâàíèå ôèçè÷åñêèõ àñïåêòîâ ýëåêòðîÿäåðíîãî

ñïîñîáà ïðîèçâîäñòâà ýíåðãèè è òðàíñìóòàöèè ðàäèîàêòèâíûõ îòõîäîâ àòîìíîé ýíåðãåòèêè íà ïó÷-

êàõ ñèíõðîôàçîòðîíà/íóêëîòðîíà ÎÈßÈ» — ïðîåêò «Ýíåðãèÿ ïëþñ òðàíñìóòàöèÿ». Ðåçóëüòàòû ïî-

ëó÷åíû ñ èñïîëüçîâàíèåì áîëüøîé ñâèíöîâîé ìèøåíè ñ ÷åòûðåõñåêöèîííûì óðàíîâûì áëàíêåòîì

(ìàñña 206,4 êã åñòåñòâåííîãî óðàíà) íà ïó÷êå íîâîãî ñâåðõïðîâîäÿùåãî óñêîðèòåëÿ — íóêëîòðîíà

ñ ýíåðãèåé ïðîòîíîâ 1,5 ÃýÂ. Äëÿ ðåãèñòðàöèè èçëó÷åíèé (íåéòðîíîâ, ãàììà-êâàíòîâ è îñêîëêîâ äå-

ëåíèÿ) ïðèìåíÿëèñü ÿäåðíûå ýìóëüñèè, àêòèâàöèîííûå (�� Al, �� Co, ��� I, ��� La , 197 Au , 209 Bi) è òâåð-

äîòåëüíûå òðåêîâûå (ðàäèàòîðû èç åñòåñòâåííîãî è îáîãàùåííîãî óðàíà) äåòåêòîðû. Â ïîëå ýëåêòðî-

ÿäåðíûõ íåéòðîíîâ èññëåäîâàëèñü òðàíñìóòàöèè íóêëèäîâ ��� I è ��� Np (ìàññà êàæäîãî èçîòîïà îêî-

ëî 1 ã) — âûñîêîòîêñè÷íûõ äîëãîæèâóùèõ ðàäèîàêòèâíûõ îòõîäîâ àòîìíîé ýíåðãåòèêè

(ýêîëîãè÷åñêèé àñïåêò).

Ýêñïåðèìåíòàëüíûå ðåçóëüòàòû, ïîëó÷åííûå èç íàáëþäåíèé ( , )n xn -ðåàêöèé íà ÿäðàõ Co, Au,

Bi è ïîäòâåðæäåííûå òåîðåòè÷åñêèìè ðàñ÷åòàìè, ïîêàçûâàþò, ÷òî â îáúåìå U/Pb-ñáîðêè è íà åå ïî-

âåðõíîñòè ïðåîáëàäàþò íåéòðîíû ïðîìåæóòî÷íûõ è âûñîêèõ ýíåðãèé. Èç äàííûõ ( , )n � -ðåàêöèè

íà àêòèâàöèîííûõ äåòåêòîðàõ èç ëàíòàíà ïîëó÷åíî, ÷òî âûõîä òåïëîâûõ íåéòðîíîâ íà ïîâåðõíîñòè

óðàíîâîãî áëàíêåòà â íåñêîëüêî ðàç ìåíüøå ïî ñðàâíåíèþ ñî ñâèíöîâîé ìèøåíüþ, îêðóæåííîé ïàðà-

ôèíîâûì çàìåäëèòåëåì. Â íàñòîÿùåé ðàáîòå âïåðâûå â ýëåêòðîÿäåðíûõ ýêñïåðèìåíòàõ ïðèìåíåíà

ìåòîäèêà ÿäåðíûõ ýìóëüñèé äëÿ èçó÷åíèÿ ñïåêòðîâ áûñòðûõ íåéòðîíîâ, ãåíåðèðóåìûõ â óðàí-ñâèí-

öîâîé ñáîðêå.

Ðàáîòà âûïîëíåíà â Ëàáîðàòîðèè âûñîêèõ ýíåðãèé èì. Â. È. Âåêñëåðà è À. Ì. Áàëäèíà ÎÈßÈ.

Ïðåïðèíò Îáúåäèíåííîãî èíñòèòóòà ÿäåðíûõ èññëåäîâàíèé. Äóáíà, 2004



The authors of the international collaboration started in 1998 for realiza-
tion of scientiˇc program of the project ®Energy plus Transmutation¯ dedicate
this article to cherished memory of Academician of Russian Academy of Sci-
ences Alexander Mikhailovich Baldin for his effective support of investigation
of electronuclear method of energy production and transmutation of radioactive
waste of atomic energetics (ecological aspect) with help of relativistic beams of
Synchrophasotron/Nuclotron of JINR's Laboratory of High Energies.

INTRODUCTION

The VekslerÄBaldin Laboratory of High Energies within the Joint Institute
for Nuclear Research (JINR) in Dubna (Russia) is carrying out extended ®In-
vestigations of physical aspects of electronuclear method of energy production
and transmutation for radioactive waste of atomic energetics using relativistic
beams from the JINR Synchrophasotron/Nuclotron¯ Å ®Energy plus Trans-
mutation¯ project. It has been introduced into the nuclear science community by
Krivopustov et al. [1, 2]. The scientiˇc program (see next page), the experimental
setup ®Energy plus Transmutation¯ scheme with lead target and uranium blanket
and complex of detectors forming uranium ˇssion calorimeter are presented in
Fig. 1. It is part of the experimental program at the new cryogenic accelerator
Nuclotron, as outlined by Baldin et al. [3]. Basic technical details of this new
accelerator have been described by Kovalenko et al. [4]. Results from the ˇrst
experiment within this series with protons of 1.5 GeV energy impinging onto
a lead target that was surrounded by a two-section uranium blanket (with total
weight of 103.2 kg natural uranium) have been published [1, 2] and various other
papers describe some special aspects of this work [5Ä11].

The present work describes the experiment with 1.5 GeV protons irradiating
a lead target inside a four-section uranium blanket (containing a total of 206.4 kg
natural uranium). This continuation of the earlier experiment is dealing with
following aspects:

• Transmutation studies on long-lived radioactive waste nuclides 129I and
237Np in the ˇeld of secondary neutrons that complement earlier studies (ecolog-
ical aspect) [13Ä16].

1



2



• Energy and intensity distributions of neutrons inside and around the U/Pb-
assemby studied with (n, γ) and (n, xn) reactions using Al, Co, Au, Bi and La
as radiochemical sensors.

• Energy and intensity distributions of neutrons around the target assembly
using Solid State Nuclear Track Detectors (SSNTD) and uranium sensors.

• Energy spectra of neutrons using nuclear emulsion techniques (see Ref. [12]).
• Theoretical model calculations of neutron spectra.
The experiment was carried out in 11Ä12 December 2001 by several groups

forming an international team. At ˇrst a description of the experimental setup con-
sisting of the lead target, the uranium blanket and the biological shielding will be
presented. Second, various experimental studies using different detection systems
will be described in detail together with results and theoretical interpretations.

1. EXPERIMENTAL APPARATUS

The lead target together with the four-section uranium blanket is called U/Pb-
assembly and is shown in Fig. 1. The lead target has a length of 48 cm and a
diameter of 8.4 cm. It is surrounded by four sections of a natural uranium blanket.
Each section contains 30 uranium rods. The uranium rods of 10.4 cm length,
3.6 cm diameter and 1.72 kg weight are hermetically sealed in an aluminum
cladding. Each section contains 51.6 kg natural uranium and the total uranium
content in four sections is 206.4 kg. The construction of the metal structure
used to mount the blanket provides a rigid and safe ˇxation of the uranium rods.
The three gaps between the four sections as well as the front and back end
of the setup are measuring positions for ˇve large planar detector holder plates
(called ®Activation and SSNT detectors¯) as shown in Fig. 1. These detector
plates are covered with various SSNTD and activation sensors. In addition to
these detectors measuring radial distributions, various sensors were placed on the
outside surfaces of each of the four uranium sections. As an example, the position
of the placement for the radioactive waste nuclides 129I and 237Np on top of the
second section is also indicated in Fig. 1.

The U/Pb-assembly was placed into an external shielding as shown in Fig. 2.
The technical design of this shield was made by the Design Institute of Nuclear
Power Mashine Building (VNIIAM, Moscow, Russia). This biological shielding
is an important safety requirement for such a massive uranium blanket around a
lead target that is irradiated with relativistic protons. The big shielding consists of
a container ˇlled with granulated polyethylene, and walls are plated with sheets of
cadmium and lead. High-energy neutrons are moderated within the polyethylene
down to thermal energies. The 1 mm thick Cd-absorbers located at the inner walls
of the container reduce signiˇcantly the backscattering of thermalized neutrons
into the target and detector volume. The outside dimensions of this shielding
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Fig. 1. Scheme of full scale (upper part) and four sections (down part) U/Pb-assembly with
uranium blanket around a massive lead target [1, 2]
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Fig. 2. Technical details of the U/Pb-assembly [1, 2] inside a massive shielding and placed
into a mobile platform, which can be moved into and out of the proton beam line. The
left side of this ˇgure gives a cut through the assembly along the proton beam line, the
right side shows a cut through the assembly perpendicular to the proton beam line in the
position where there is a hole within the upside shielding between the 1st and 2nd uranium
section

container are 100×106×111 cm and it has a total weight of 950 kg. It is mounted
onto a mobile platform, that can be moved into and later out of the irradiation
position called ®Focus F3¯ of the proton exit channel for the Nuclotron beam
in the experimental hall. The metallic structure of the biological shielding was
manufactured at the Laboratory of High Energies (JINR, Dubna). The left part of
Fig. 2 shows a ®cut¯ through the entire assembly along the proton beam line, and
the right part of this ˇgure shows the cut through the entire assembly perpendicular
to the proton beam line in the position, where there is a hole within the upside
shielding. On top of this hole one can directly measure high-energy neutrons
emitted from the U/Pb-assembly with nuclear emulsions [12], as described in
Sec. 3.3. A more detailed description and technical drawings of details have been
published elsewhere [1].

The extracted 1.5 GeV proton beam from the Nuclotron enters the experi-
mental hall with a nominal intensity of 1.5 ·1010 protons per pulse, the duration of
a slow extraction of one pulse lasts 0.3 s, and the repetition rate is one pulse per
9 s. The exact geometrical adjustment of the U/Pb-assembly with respect to the
proton beam direction is performed with sensitive Polaroid ˇlms and ionization
chambers [1, 2]. The accurate monitoring of the proton beam together with the
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Fig. 3. The beam proˇle of the 1.5 GeV proton beam from the Nuclotron as it enters the
U/Pb-assembly (experiment of 11Ä12 December 2001)

determination of the integral proton �uence is carried out during the entire run
using standard aluminum foil activation detectors. The Al-monitor foils were
placed 60 cm upstream the entrance of the protons into the lead target in order
to avoid interactions of backscattered neutrons with the monitor foils. Details
on the beam monitoring system in the ®Focus F3¯ position have already been
published [1, 2]. The monitor reaction 27Al(p, 3pn)24Na was used to determine
the proton �uence where the decay of the 24Na activity was measured using
gamma-ray spectrometry [1, 2, 17Ä20]. The Al-foil of thickness 0.05 mm was
cut into 3 concentric rings with external diameters of 80, 120 and 160 mm. From
the central part of the Al-foil a circle with diameter of 21 mm was cut out. The
cross section used for the 27Al(p, 3pn)24Na reaction at 1.5 GeV proton energy is
(9.93 ± 0.17) mb [20]. The results of beam monitoring are shown in Fig. 3 and
in Table 1. The total beam intensity in F3 was (1.14 ± 0.06) · 1013 protons. The
central part of the beam with 84 mm diameter, i.e. the diameter of the Pb target
(Fig. 1), contained (1.10 ± 0.05) · 1013 protons or (95.8 ± 4.7) % of the entire
beam. This measurement shows that the Nuclotron delivers well-focussed proton
beams into the external experimental hall.

Table 1. Results from the measurement of the beam proˇle

External diameter 24 Na activity at Beam intensity,
of ring or circle, mm end of bombardment, Bq protons/cm2

21 (circle) 53.6 ± 3.3 (9.12 ± 0.57) E + 11
80 149 ± 9 (1.72 ± 0.11) E + 11
120 5.6 ± 0.5 (4.79 ± 0.40) E + 09
160 3.3 ± 0.4 (2.06 ± 0.21) E + 09
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2. EXPERIMENTAL RESULTS BASED ON RADIOCHEMICAL
TECHNIQUES

2.1. Spatial Distributions of Neutrons Inside and Around the U/Pb-Assembly
Studied with (n, γ) and (n, xn) Reactions Using Al, Co, Au and Bi as Radio-
chemical Sensors. The spatial and energy distributions of neutrons produced at
different locations of the U/Pb-assembly were studied with various radiochemical
sensors. Neutrons induce in these activation sensors (metallic foils) radioactive
products through (n, xn), (n, α), (n, γ) and other reactions. Different thresholds
of these reactions allow one to probe energy spectra of neutrons. Four types
of foils (Al, Co, Au and Bi) were placed at different positions within the U/Pb-
assembly including also a position inside the lead target. The activation sensors of
the ˇrst set were placed onto ˇve plates (called ®Activation and SSNT detectors¯
in Figs. 1 and 2) at longitudinal distances of 0, 11.8, 24.0, 36.2 and 48.4 cm from
the front of the target and at a radial distance of 3 cm from the target axis. The
second set consisted of detectors at a longitudinal distance of 11.8 cm from the
front of the target and at radial distances of 3.0; 6.0; 8.5 and 13.5 cm from the
target axis. The exact geometrical positions are indicated in Fig. 4.

Fig. 4. Positions of various activation sensors within the U/Pb-assembly, including positions
inside the Pb target (see Figs. 1 and 2)

After irradiation the activated foils were transported to a counting laboratory
in order to investigate the activities with germanium detectors. The characteristics
of HPGe detectors and measuring conditions were the same as in other activation
experiments described in this paper and they are standard for radiochemical inves-
tigations as described in earlier publications [1, 2, 14, 17, 20]. Gamma-ray spectra
were analyzed and net peak areas were calculated using the program DEIMOS
[21]. Corrections for coincidence summing and background contributions were
applied. Thus, decay rates of the produced radioactive nuclides were determined.
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Activities at the end of bombardment were converted into production rates B(A)
of the produced isotopes A according to the deˇnition [17, 20]:

B(A) = (number of A-atoms produced)/[(1 g sensor) · (1 primary proton)]. (1)

B(A) is an absolute number of atoms A produced in the given experimental
setup. This production rate is strictly an experimental value which is sensitive to
the neutron spectrum at the actual geometric location of the sensor. B values on
a given setup are comparable among each other; however, B values measured on
different setups are not.

Table 2. Measured isotopes and features of production and decay

Foil Reaction Produced T1/2, Ethr
∗, Gamma-ray lines used,

isotope h MeV keV

197Au (n, γ) 198Au 64.68 Å 411.8; 675.9; 1087.7
(n, 2n) 196Au 148.39 ∼ 8.1 333.0; 355.7; 426.0
(n, 4n) 194Au 38.02 ∼ 23.2 293.5; 328.5
(n, 5n) 193Au 17.65 ∼ 30.2 173.5; 186.2; 255.6;
(n, 6n) 192Au 4.94 ∼ 38.9 295.9; 308.5; 316.5; 612.5
(n, 7n) 191Au 3.18 ∼ 45.7 277.9; 283.9

209Bi (n, 4n) 206Bi 149.83 ∼ 22.6 343.5; 516.1; 803.0; 881.0
(n, 5n) 205Bi 367.44 ∼ 29.6 703.3; 987.8; 1764.4
(n, 6n) 204Bi 11.22 ∼ 38.1 670.7; 899.2; 918.4; 984.0
(n, 7n) 203Bi 11.76 ∼ 45.2 722.4; 820.2; 825.2
(n, 8n) 202Bi 1.72 ∼ 54.0 422.2; 657.5; 960.7
(n, 9n) 201Bi 1.80 ∼ 61.4 629.1; 936.2; 1014.1

59Co (n, γ) 60Co 46202.4 - 1173.2; 1332.5
(n, 2n) 58Co 1700.64 ∼ 10.6 810.8
(n, 3n) 57Co 6521.76 ∼ 19.4 122.1; 136.5
(n, 4n) 56Co 1853.59 ∼ 30.9 846.8; 1238.3
(n, 5n) 55Co 17.53 ∼ 41.2 931.3

27Al (n, 3pn) 24Na 14.95 ∼ 5.5∗∗ 1368.6; 2754.0

∗Nuclear masses for the calculation of Ethr were taken from [22].
∗∗Experimental threshold Ethr is in�uenced by the Coulomb barrier.

Each sensor foil was measured twice at different times after irradiation to
identify isotopes with different decay times. The results from the analysis of
several gamma lines from two spectra were used to calculate the experimental
production rate B(A). Weighted averages over the number of spectra were
determined for each individual isotope and foil. Resulting values were used for
further analysis. Measured isotopes and features of their production reactions and
decay are given in Table 2. Results for the longitudinal and radial distributions
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Fig. 5. Production rates B(A) in units of (10−6 · g−1 · proton−1) for different radioactive
isotopes A produced in Al- and Bi-sensor foils. Longitudinal distributions of B(A) are
given on the left side and radial distributions on the right side. The lines are drawn to
guide eyes

of production rates B(A) for different isotopes are shown in Figs. 5 and 6 where
longitudinal distributions are shown on the left side and radial distributions on
the right side. Examples of the B(A) values for various geometrical positions are
listed in Table 3. The distributions of production rates of (n, xn) reactions as a
function of the longitudinal distance X from the front of the target have maxima
near to the data point at 11.8 cm from the front of the Pb target. The similar
trend was observed in case of bare lead target [25].

The production rates of (n, xn) reactions monotonically decrease with the
radial distance R from the target axis at the longitudinal position X = 11.8 cm.
Ratios between the production rates at the longitudinal distance X for 0 to 11.8 cm
and 11.8 to 48.4 cm (as listed in Table 3) are shown as a function of the reaction
threshold energy in Fig. 7.

The resulting experimental trends clearly indicate the increasing contribu-
tion of high-energy neutron components with increasing distance X from the
front of the target. In contrast to that, the ratio of production rates at radial dis-
tances R of 13.5 and 3.0 cm in the direction perpendicular to the target axis at the
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Fig. 6. Production rates B(A) in units of (10−6 · g−1 · proton−1) for different radioactive
isotopes A produced in Co- and Au-sensor foils. Longitudinal distributions of B(A) are
given on the left side and radial distributions on the right side. The lines are drawn to
guide eyes

Fig. 7. Ratios of B values inside the Pb target (at a radial distance of R = 3 cm) in the
front and in the rear of the U/Pb-assembly as a function of the reaction threshold energy

longitudinal position X = 11.8 cm are not signiˇcantly dependent on threshold
energy as shown in Fig. 8. Therefore the shape of neutron's energy distribution
does not change much along the radial distance R at the longitudinal distance of
11.8 cm. In contrast with above described behavior of (n, xn) reaction's rates,
the distributions of the production rates is more or less �at for (n, γ) nuclear
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Fig. 8. Ratios between production rates measured in the ˇrst gap at radial distances of
13.5 and 3.0 cm from the target axis as a function of the reaction threshold energy Ethr

Table 3. Production rates B(A) · 106 for four detector positions

(X, R), cm∗ (0.0, 3.0) (11.8, 3.0) (48.4, 3.0) (11.8, 13.5)

24Na 8.03(20) 17.0(4) 2.36(6) 2.66(7)
198Au 124(3) 220(5) 76.1(2) 177(4)
196Au 12.61(27) 25.4(6) 3.51(9) 6.11(16)
194Au 2.69(8) 7.26(21) 1.28(4) 1.72(6)
193Au 0.99(6) 2.97(14) 0.68(5) 0.59(7)
192Au 1.39(6) 4.36(16) 1.06(4) 1.05(5)
191Au 0.67(14) 1.99(19) 0.75(12) 0.62(17)
206Bi 3.94(5) 8.46(15) 1.44(4) 2.21(4)
205Bi 2.52(10) 5.33(17) 1.09(5) 1.37(6)
204Bi 1.281(19) 3.68(7) 0.763(24) 0.838(20)
203Bi 0.775(18) 2.46(7) 0.484(21) 0.516(18)
202Bi 0.934(16) 4.04(12) 0.88(4) 0.840(27)
201Bi 0.339(13) 1.67(8) 0.377(24) 0.28(3)
60Co 71.8(2) 95(4) 39.6(1) 105(5)
58Co 16.2(5) 27.9(9) 4.50(14) 7.43(26)
57Co 3.35(13) 7.27(26) 1.28(4) 2.06(14)
56Co 0.64(6) 1.47(11) 0.51(5) 0.61(8)
55Co 0.026(4) 0.092(7) 0.0290(28) Å

∗ X is the longitudinal distance from the beam entrance into the Pb-target,

R is the radial distance from the target symmetry axis.

reactions in both longitudinal and radial directions. As these reactions have
practically no threshold in neutron energy they probe distributions of ®thermal¯
neutrons. Therefore, the �uency of thermal neutrons seems to be constant over
the volume of uranium assembly, see also results obtained with La sensors given
below.
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To conclude this section, the comparison between experimental and simulated
production rates of isotopes, where the energy threshold for production is high
makes possible to test the accuracy of the model description of neutron production
over a wide interval of neutron energies. It may also be possible to generate the
neutron spectrum using the cross-section dependence on neutron energy, provided
that a sufˇcient number of threshold reaction products are available (see Sec. 2.3
and Fig. 11).

2.2. Radiochemical Studies of the Transmutation of Stable 139La. The sta-
ble and monoisotopic sensor 139La was used to measure thermal neutron �uences
within a small and well-deˇned volume of approximately 2.5 cm3 during irradi-
ations with relativistic hadrons onto massive targets, as it was described recently
[17, 20, 23]. The same 139La sensors were also used in our studies, using the
thermal neutron induced reaction:

139La(n, γ)140La(T1/2 = 40.282 h) →140 Ce (stable). (2)

Ten small plastic vials 15 mm diameter and 50 mm length containing about
1 g La each in the form of LaCl3·7H2O have been placed along the top surface of
the 48 cm long U/Pb-assembly (Figs. 1 and 2) and irradiated with secondary par-
ticles. No particular moderator material was inserted between the U/Pb-assembly
and the La sensors. The induced 140La activity was measured after the end
of irradiation using HPGe-detection systems together with well-known analyzing
techniques [18, 19]. The resulting production rate for 140La is given in the form
of an experimental B(140La) value, as deˇned in Eq. (1) above.

Experimental B(140La) values are presented in Table 4 and in Fig. 9 together
with equivalent data measured on a Pb/parafˇn-assembly [17]. The neutron
spectrum in the latter experiment was softened through a 6 cm thick parafˇn
moderator but there was no shield around the setup. Both data sets were measured
with 1.5 GeV proton energy. It is found that the 48 cm long Pb-target with
the four-section uranium blanket has an almost constant thermal neutron �uence
over nearly its entire length. In contrast, the much shorter 20 cm Pb target
with parafˇn moderator [17, 20] has a considerably higher and well-accumulated
�uence of thermal neutrons. The reason for the missing enhancement of slow
neutrons around 15 cm after beam impact into the U/Pb-assembly is qualitatively
clear. There is experimental evidence for an enhancement of fast neutrons around
15 cm after beam impact (see Sec. 2.1 and Figs. 5 and 6) but there is no suitable
moderating material available to slow these fast neutrons down. The inner side
of the external shield is covered with a Cd layer, thus preventing thermalized
neutrons from moving back from the shielding or from the environment into the
target area. Therefore one expects to ˇnd only those thermal neutrons on top of
the U/Pb-assembly that were actually produced in the thermal energy regime or
that were thermalized through collisions with atoms in the target and blanket or
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Table 4. B(140La) values at 1.5 GeV proton energy using different target systems

Longitudinal distance X B(140La) · 105 B(140La) · 105

from beam entrance to fast neutron spectrum moderated neutron spectrum
sensor in mm (this work) (Ref. 17)

20 1.18 ± 0.06 Å
53 Å 5.45 ± 0.43
55 1.33 ± 0.07 Å
95 1.49 ± 0.08 Å
101 Å 8.40 ± 0.64
149 Å 8.10 ± 0.64
199 Å 5.71 ± 0.45
210 1.48 ± 0.08 Å
249 Å 3.25 ± 0.26
265 1.46 ± 0.08 Å
300 1.48 ± 0.08 Å
345 1.31 ± 0.07 Å
385 1.11 ± 0.06 Å
425 0.96 ± 0.05 Å
465 0.80 ± 0.08 Å

that migrated back from the shield without being caught by the Cd layer. As the
energy loss in a collision between a neutron and heavy atoms like Pb or U is
small one needs many collisions to slow down neutrons to thermal energies. As
a consequence, the initially focussed direction of motion of the neutrons is lost
and the measured distribution is �at.

Fig. 9. The dependence of the measured B(140La) yields along the proton beam direction
on top of the target in two experiments: U/Pb-assembly (this experiment) and Pb target
with parafˇn moderator [17]
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2.3. Transmutation of Radioactive Waste Nuclides 129I and 237Np and
stable 127I. The transmutation of long-lived radioactive waste into stable or short-
lived radioactive nuclides is of major interest in these studies. Transmutation
cross sections (B values) are ideal benchmark data to test theoretical models that
describe the complex process of interactions of the primary beam, the produc-
tion of spallation neutrons, secondary reactions in the assembly, particle transport
properties and ˇnally the interaction with the sensor nuclide. The correct de-
scription of all processes is an essential premise for credible results from the
necessary calculations that must be made in order to design a real transmutation
setup on the technical or even industrial scale. The nuclides 129I and 237Np are
of particular practical interest, as they are long-lived radioactive waste nuclides
from nuclear facilities and they can be transmuted with neutrons into stable or
short-lived isotopes:

129I(T1/2 = 1.57 · 107 y)(n, γ) →130 I(T1/2 = 12.4 h) →130 Xe (stable), (3)

237Np(T1/2 = 2.14 · 106 y)(n, γ) →238 Np(2.12 d) →238 Pu(T1/2 = 88 y). (4)

As available 129I sensors from radioactive waste reprocessing are a mixture
of 15% stable 127I and 85% radioactive 129I, it appeared to be useful to study
simultaneously the transmutation of pure 127I samples. The available 237Np sensor
is isotopically pure. Sample containers used are shown schematically in Fig. 10.
The 127, 129I in the form of NaI salt is hermetically sealed in a welded aluminum
container and the sensor has been manufactured at the Institute of Physics and
Power Engineering (Obninsk, Russia). The radioactive sample contained 0.772 g
129I plus 0.136 g 127I. Two inactive iodine control sensors contained 1.439 g 127I
each. The radioactive 237Np sample contained 1.061 g 237Np in the chemical
form NpO2. All sensors were placed on top of the second uranium section, as
counted downstream from the beam entrance into the lead target and irradiated
during the entire experiment. Afterwards, all sensors were investigated with
standard gamma-ray spectroscopy as described earlier. Because of the high level
of radioactivity induced in the massive Al container (78.8 g Al) the gamma
detector was shielded with 2 mm Cd and 2 mm Cu ˇlters in order to reduce
the background. Further details of the gamma-spectrum analyzing procedures
for this special case are given in [24]. Changes in the beam intensity during
the irradiation were taken into account for the calculation of the experimental
B(A)exp values for the various radioactive transmutation products. Results are
given in Table 5 together with theoretical estimations for B(A)cal values, based
on a modiˇed LAHET-code [25] as described below.

The calculation of B(128−121I)exp for a pure 127I sensor is carried out by
taking the results of measured Bexp values for the mixture of the (129I plus 127I)
sensor and for a pure 127I sensor, using straightforward arithmetic.
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Fig. 10. Weld-sealed aluminum containers used for radioactive sensors like 129I or 237Np
and used for transmutation experiments (see Ref. [13])

Table 5. Experimental and calculated B(A) values in Np, I, Al sensors at 1.5 GeV
proton energy

Isotope T1/2, B(A)exp · 106 B(A)cal · 106 B(A)exp · 106 B(A)cal · 106

h, d, min in 237Np, 129I in 129I or 27Al in 129I or 27Al in 129I or 27Al
and 27Al sensors, LAHET sensors sensors, LAHET
sensors calculation calculation

238Np 2.12 d 24.6 ± 1.3 Å Å Å
130I 12.3 h 32.5 ± 1.7 Å Å Å
128I 25 min Å Å 93 ± 7 Å
126I 13.1 d 1.28 ± 0.11 0.48 5.0 ± 0.5 0.42
124I 4.17 d 0.362 ± 0.030 0.124 1.40 ± 0.10 0.07
123I 13.3 h Å Å 0.82 ± 0.10 0.05
121I 2.12 h Å Å 0.28 ± 0.07 0.07
120I 81 min Å Å 0.084 ± 0.015 0.03
24Na 14.95 h 2.00 ± 0.16∗ 1.21 5.14 ± 0.30 1,96

∗ This value agrees fairly well with an independent determination given in Table 3

for X = 11.8 cm and R = 13.5 cm.

In other experiments the transmutation of 129I was investigated using a mas-
sive setup and higher proton energy. Due to the different beam energy and
geometric differences of setups the results of the measurements of this and the
other experiment are incomparable. Details are given in [23, 25].
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In contrast to other transmutation studies [13, 14, 20, 23] with thermalized
neutrons, one observes in this experiment some (n, γ) reactions as well as sub-
stantial contributions from (n, xn) reactions, leading to very neutron deˇcient
iodine isotopes such as 120I. A model-based calculation was carried out for reac-
tion rates Rcal according to the equation

Rcal =
∫ Emax

Ethr

σ(En)Φ(En)dEn, (5)

where Ethr is the threshold energy for a particular reaction channel. The value
Φ(En) is the neutron �uence [n · cm−2 ·MeV−1 · p−1] and it is calculated using
the program DCM/CEM [26, 27] for the given geometry of the experiment (see
below). The calculated reaction rate Rcal is related to the calculated Bcal value
as follows:

Rcal(130−121I) = Bcal(130−121I) · A/NA, (6)

where A is the mass number and NA is Avogadro's number. Cross sections for
129I (n, xn) and 127I (n, xn) reactions are calculated by means of a modiˇed
program LAHET [25] depending on the neutron energy. Calculated values Bcal

and experimental data Bexp from Table 5 show that the agreement of these
values is far from being satisfactory due to the inaccuracy of calculations of
either neutron cross sections and/or the energy-dependent neutron �uence.

In order to estimate the neutron spectrum from our experimental data, an
approach was suggested starting with experimental reaction rates Rexp (or Bexp

values) from Table 5 and calculated values of cross sections of (n, xn) reactions
as a function of neutron energy [25].

Let Ri(exp) and σi(En) correspond respectively to the reaction rate of the
reaction with emission of i neutrons and to the calculated cross section of this
reaction for the neutron energy En. Reactions with removal of a maximum of
8 neutrons are observed in our experiment starting with 127I. Thus

R8(exp) =
∫ Emax

E
(8)
thr

ϕ8(En)σ8(En)dEn ≈ ϕ8(En)
∫ Emax

E
(8)
thr

σ8(En)dEn. (7)

Therefore ϕ8(En) was calculated, which is the average value of the neutron

�uence in the energy range from E
(8)
thr = 68 MeV up to Emax = 300 MeV. In

case of a reaction with emission of 7 neutrons the following relation applies:

R7(exp) = ϕ7(En)
∫ E8

thr

E
(7)
thr

σ7(En)dEn + ϕ8(En)
∫ Emax

E
(8)
thr

σ7(En)dEn, (8)

which allows one to determine ϕ7(En). Experimental values of R5(exp), R4(exp)
and R2(exp) were used in a similar manner to determine average neutron �uences
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Fig. 11. Experimental neutron spectrum at 1.5 GeV extracted from product yields of
(n, xn) reactions in 127I on top of the U/Pb-assembly and comparison with the calculated
neutron spectrum based on the DCM/CEM-code [26, 27]

ϕ5(En), ϕ4(En) and ϕ2(En) in the energy ranges (E(5)
thr, E

(7)
thr), (E(4)

thr, E
(5)
thr) and

(E(2)
thr, E

(4)
thr), respectively.

The resulting experimental neutron spectrum and the appropriately averaged
calculated neutron spectrum are shown in Fig. 11. The agreement between these
two spectra is not at all satisfactory.

2.4. Further Computer Simulations on Neutron Induced Transmutation of
127I and 129I. The spectra of secondary particles (neutrons and protons) crossing
the external surface of the U/Pb-assembly were calculated with the assumption of
an ideal non-absorbing detector by means of the program DCM/CEM [26, 27].
The range of neutron energies extends from thermal up to 300 MeV. It is assumed
in the calculations that the temperature of the lead target and the uranium blanket
is thermal (0.0252 eV).

In principle, one can register particles with larger energies up to the initial
bombarding energy of 1.5 GeV. However, due to an insigniˇcant amount of such
particles, they were not considered in calculations. The energy range of secondary
protons is considered within the limits from the cut-off energy (∼ 2 MeV) up to
300 MeV. Calculations of energy spectra of secondary particles were performed
as before [1, 2, 7, 26, 27].
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The energy range of secondary particles below 10.5 MeV is divided up ac-
cording to the 26 group system. Additional splitting of the energy range < 0.1 eV
is introduced to describe the thermalized spectrum. The energy range > 10.5 MeV
is divided with a step width of 10 MeV. Additional calculations of the neutron
spectra above the threshold of several nuclear reactions 129I (n, 4n)126I and
127I (n, 2n)126I were carried out with smaller step (2 MeV) to study the features
of these reactions under conditions of irradiation of the samples of 127I and 129I.

Neutron spectra are registered in geometrical positions corresponding to the
actual locations of radioactive 129I, 127I and 237Np sensors in this experiment.
Geometrical features and chemical composition of the lead target, natural uranium
blanket and radiation shielding and moderator containing sheets of cadmium,
lead and granulated polyethylene (see Fig. 2) are considered in very detail in
calculations. However, we had to make the assumption that the medium in the
limits of separate geometrical zones is homogeneous (in the case of the blanket this
assumption is a crude approximation because in the real assembly this volume
is ˇlled with cylindrical uranium rods). Therefore we introduced a correction
to the density of the volume taking into account the porosity of the medium.
Furthermore, an assumption was also made concerning the shape of the blanket.
The hexagonal sections (see Figs. 1 and 2) were replaced in the calculations with
an equivalent cylinder. There was no acceptable agreement between the calculated
neutron spectra and other experimental data.

The cross sections of (n, xn) reactions on 127I and 129I using the same
programs were also calculated (see Table 5). The calculation was performed
by modeling of inelastic interactions of neutrons with subsequent normalization
of the fraction of the given reaction channel on the calculated inelastic cross
section. Reactions for the production of isotope 126I from 129I and 127I nuclei
are characterized by a pronounced peak in the energy distribution of the cross
section which is in the region of 30 MeV for the reaction 129I(n, 4n)126I and of
around 20 MeV for the reaction 127I(n, 2n)126I, respectively.

The data of this section were compared with the data received by means of
the modiˇed program LAHET [25]. It is found that the results calculated with the
program LAHET appear to be systematically lower by a factor of 2.5 in the region
of the maximum in comparison to the data received with the program DCM/CEM
[1, 2, 26, 27]. The overall agreement between experimental and calculated results,
however, is poor.

It is necessary to note the contribution of the proton component to the amount
of induced activities. Cross sections of threshold reactions 129I(p, p3n)126I and
127I(p, pn)126I differ from corresponding neutron reactions by a shift in the
reaction threshold to higher energies. The shift is in value approximately equal to
the binding energy of the nucleon in the nucleus. The contribution of the proton
component to the total 126I activity is about two orders of magnitude below the
corresponding contribution of the neutron �uence.
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3. EXPERIMENTS USING SOLID STATE NUCLEAR TRACK
DETECTORS

3.1. Space and Energy Distribution of Neutrons Determined with Mica
Detectors. The determination of the spatial and energy distribution of neutrons in
the U/Pb-assembly (Fig. 1) using solid state nuclear track detectors included the
measurement of distributions of 235U and 238U ˇssion rates and the determination
of the spectral index: σ̄

238U
f /σ̄

235U
f , where σ̄

235U
f and σ̄

238U
f are the ˇssion cross

sections, respectively, for 235U and 238U averaged over the neutron spectrum.
Spectral indices are based on observed ˇssion rates within the Pb target and

U blanket as described in detail in [8]. The aim of measurements of 235U and
238U ˇssion rates and spectral indices is to obtain information about the neutron
ˇeld in the system, integral nuclear data and the determination of the total number
of ˇssion events within the uranium blanket. A comparison of the experimental
data with the calculated results was carried out using Monte Carlo simulations
with the adjusted computer code DCM/CEM [28] and a library of hadron-nuclear
cross sections [29]. Libraries for neutron cross sections were applied [30, 31]
when calculating the ˇssion rates and spectral indices.

Measurements were carried out with SSNTD as described earlier [8]. The
sensors consisting of ˇssionable sources and track detectors for ˇssion frag-
ments were placed onto detector plates, labelled ®Activation and SSNT detectors¯
(Fig. 1). On each of the ˇve detector plates in the U/Pb-assembly six sensor posi-
tions were used, radially distributed from the lead target axis to the outer surface
of the U blanket. The two innermost positions were situated inside of the lead
target, three positions within the uranium blanket, and one position outside of the
blanket. All ˇve detector plates were identically constructed.

Metallic foils from 90% enriched 235U and from natural uranium of 7 mm
diameter and approximately 0.1 mm thick were used as ˇssioning sources. They
were manufactured by cold rolling and vacuum annealing of the material. The
advantage of using thick sources is the fact that there is no necessity for thickness
calibration of each individual source and that the sensitivity is optimized. Artiˇcial
mica (�uoro�ogopite) was used as the ˇssion fragment detector. A compilation
of all results from the experiment will be given in a forthcoming publication [32].

In Fig. 12 we present the results of measurements and calculations of the
radial distribution of 235U and 238U ˇssion rates as measured in the second
detector plate, which is at 11.8 cm from the front of the lead target. Fission rates
of both nuclides 235U and 238U decrease inside the blanket with increasing radial
distance R from the axis of the U/Pb-assembly by factors of approximately 1.3
for 235U and, depending on the detector plate, between 2.6 and 3.5 for 238U,
as compared to a calculated decrease by factors of 1.6 and between 2.2 and
3.8, respectively. It is seen, that the value of decrease of the ˇssion rate for
238U is much larger than for the 235U ˇssion rate. It can be explained by the
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Fig. 12. Radial distributions of ˇssion rates for 235U (a) and 238U (b) inside the Pb target
and U blanket (see Fig. 1) measured in the second detector plate. The Pb target extends
up to R = 4.2 cm and the U blanket up to R = 13.5 cm. R is the radial distance from
the axis of the lead target. The lines are drawn to guide the eyes

fact that the decrease of neutron �uence density in radial direction connected
with an absorption in the blanket material and the effect of geometric factor is
compensated by an increase of the average cross section of 235U ˇssion caused
by a decrease in the average energy of neutrons.

For a somewhat qualitative understanding of measured ˇssion rates the central
data point at R = 0 cm, i.e. measured at the axis of the lead target, shall be
omitted. Fission rates at this point will be caused by interactions from neutrons
and other secondary hadrons as well as from the primary protons of the beam, at
least in the ˇrst plates. For larger values of R the direct in�uence of the primary
proton beam can be neglected. To a ˇrst approximation the neutron density will
be ®diluted¯ with rising distance R from the beam axis, where the dilution scales
somewhere between 1/R and 1/R2. The dilution function is not well deˇned
because neutrons are produced in an extended volume and by several production
modes. Assuming the extreme dilution function 1/R2 which applies for a point
source only, one yields ®dilution factors¯ of 4, 8, 13 and 20 when R increases
from 3.0 to 6.0; 8.5; 11.0 and 13.5 cm, respectively. Experimentally measured
ˇssion rates for 238U scale, in fact, approximately with these dilution factors,
however, they are higher than these by a factor of about 2 for all distances R
greater than 3 cm, i.e. outside of the Pb target and inside the U blanket. Thus,
the density of neutrons having an energy above the ˇssion threshold for 238U of
about 1.4 MeV is constantly an ®excess factor¯ of 2 higher than that produced
by spallation reactions in the lead target and measured at R = 3 cm.

For ˇssion rates of 235U we ˇnd a completely different dependence. The
experimental ˇssion rates do not decrease in parallel with the dilution factors,
but there is rather a signiˇcant increase of the excess factor, which in turn scales
linearly with rising R. The excess of low-energy neutrons that induce ˇssion of
235U is a factor of 3.1 higher than expected at R = 6 cm and it is 9.3 times higher
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Fig. 13. Radial distribution of spectral index σ̄
238U
f /σ̄

235U
f within the Pb target and the

U blanket for the second plate (see Fig. 1). The lines are drawn to guide the eyes

at R = 13.5 cm. These excess low-energy neutrons must be generated through
secondary reactions as well as by moderation of spallation neutrons originating
from the primary interaction in the lead target.

The results of measurements and calculation of the spectral index σ̄
238U
f /σ̄

235U
f

in dependence of the radial distance R within the U/Pb-assembly for the second
detector plate are given in Fig. 13. The good agreement between measurement
and calculation of the radial distributions in the ratio of 235U and 238U ˇssion
rates shows that the model calculation describes consistently the particles energy
transfer within the blanket. The spectral index, which is an indicator of the
neutron spectrum hardness, decreases with increasing distance R from the target
axis, thus showing the softening of the neutron spectrum in the radial direction.

Fig. 14. Longitudinal distributions of ˇssion rates for 235U (a) and 238U (b) ˇssion rates
along the top surface of the U blanket. The lines are drawn to guide the eyes

The experimental and calculated axial distributions of 235U and 238U ˇssion
rates exhibit similar features on all ˇve detector plates along the entire target
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Fig. 15. Longitudinal distribution of spectral index σ̄
238U
f /σ̄

235U
f along the top surface of

the U blanket (see Figs. 1, 2). The line is drawn to guide the eyes

assembly with a maximum of the ˇssion rates in the second detector plate. In
Fig. 14 the ˇssion rates of 238U and 235U are shown for all detector plates at a
radial distance R = 13.5 cm. These positions are on top of the blanket and close
to the locations where the radiochemical transmutation sensors were mounted on
the surface of the blanket.

Experimental values of the longitudinal distribution of the spectral index do
not change signiˇcantly along the surface of the U blanket (see Fig. 15) with
only some deˇciency of fast neutrons around the front and the rear ends of
the U/Pb-assembly. The experimental values of the spectral indices are higher
than calculated ones by up to 42%, thus indicating that the experimental neutron
spectrum is signiˇcantly harder than calculated.

3.2. Measurement of Neutron Fluence and Neutron Energy Regimes Using
SSNTD. Neutron �uence measurements were performed in the gaps between the
U-blanket sections, on surface of the blanket as well as on top of the target
shielding using various forms of solid state nuclear track detectors, as indicated
in Fig. 16. In each gap between the U-blanket sections, twelve sets of SSNT
detectors were placed along the diagonal of the hexagon (along the strip in
Fig. 16). On the surface of each section of the U blanket four sets of the
detectors were parallel to the beam axis. In addition, at three different positions
on the top of the shielding, ˇve sets of SSNT detectors were placed parallel to
the beam axis, in order to measure the neutrons escaping from the setup.

Each set of SSNTD provided three different detection areas and it consisted
of a CR-39 foil on polyethylene, half-covered with 6Li2B4O7 convertor material.
The area with this convertor was partially covered on both sides with 1 mm of Cd.
Such detection system can simultaneously detect thermal and intermediate-fast
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Fig. 16. Positions of SSNT detectors in and on the U/Pb-assembly (see Figs. 1, 2 and 4)

neutrons. The difference in track density between the Cd-covered and uncovered
part of the CR-39 foil plus 6Li2B4O7 converter comes from thermal neutrons
which induce (n, α) processes in 10B(n, α)7Li and 6Li(n, α)3H reactions. The
track density in the completely uncovered CR-39 foil (no convertor, no Cd)
originates from recoil protons from (n, p) scattering reactions giving indirect
information about intermediate energy and fast neutrons in the energy range of
0.3 < En < 3 MeV, which is the range with an about constant response of CR-39
to protons [33]. Details on the operation of these systems and their response are
given in [34]. Moreover, SSNTD acting as ˇssion detectors for fast neutrons
detection above ∼ 1.4 MeV were placed on the top of the middle sections of the
U blanket (see Fig. 16). These detectors consisted of Makrofol foils with about
1 mg · cm−2 of 238U evaporated on one surface. Details of this method to detect
neutrons with energies above ∼ 1.4 MeV are given in [35]. After the irradiation
with a total of approximately 1011 protons the SSNTD etching and track-scanning
under an optical microscope was carried out.

Neutron �uence distributions in units of n · cm−2 · p−1 measured between
the sections of the U blanket are presented in Fig. 17, as a function of the radial
distance R from the Pb-target simmetry axis. These neutron distributions are
attributed to fast neutrons alone. Thermal neutrons were not detected because their
contribution is lower than the detection limit of the detector (< 105 n · cm−2).
In all three gaps the neutron density is the highest at the target axis and it drops
off towards the surface of the U blanket. The decrease of neutron density in
the second and third gap scales approximately with 1/R2, where R is the radial
distance from the beam axis. The neutron distribution in the fourth gap looks
quite different, possibly because protons come to rest after about 30 cm inside the
target. Thus, there are no spallation neutrons produced in the central region of
the target around the fourth gap and the detected neutrons are only those emitted
in forward directions. The different origin of neutrons in the fourth gap is also
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Fig. 17. Intermediate-fast neutron distributions between sections of the U blanket as a
function of the radial distance R from the axis of simmetry of the Pb target. The data set
from the third gap (at 36.4 cm) is shifted 0.15 cm to the left, the data set from the second
gap (at 24.0 cm) is shifted 0.15 cm to the right

evident from the results of a ˇtting process to the neutron �uence distributions
in the radial direction R. The neutron �uence distribution in the fourth gap is
described well by the exponential form Y = A · eBR, in contrast to the second
and third gap where a power law Y = A · RB ˇts best, as shown in Table 6.

Table 6. Fitting parameters describing the radial decrease of the neutron �u-
ence (see Fig. 17)

Distance along Fitting Parameter A Parameter B
the target, cm model

12.0 Y = A · RB 1.26 ± 0.19 −1.61 ± 0.09
24.2 Y = A · RB 0.71 ± 0.08 −1.33 ± 0.07
36.4 Y = A · eBR 0.073 ± 0.002 −0.13 ± 0.01

The four sets of SSNT detectors placed on the surface of each U blanket
section showed essentially identical results among each other. So, results pre-
sented in Fig. 18 represent the mean value of the four measurements, where the
longitudinal distance is measured from the beam entry into the target. Both,
thermal and indermediate-fast neutrons were detected in the four positions. The
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Fig. 18. Thermal and intermediate-fast neutron densities on the surfaces of the four U blan-
ket sections (see Figs. 1, 2 and 16)

intermediate-fast neutron distribution peaks slightly on the second section and
then drops signiˇcantly towards the end of the target. In contrast to that, the
thermal neutrons distribution is essentially �at with only minor deˇciencies on
the fourth section. The thermal neutron distribution resembles the shape of the
radiochemically determined B(140La)-value distribution shown in Fig. 9. Densi-
ties of thermal neutrons on top of the blanket are one order of magnitude less
than indermediate-fast neutrons (see Fig. 18).

The neutron �uence measured with ˇssion detectors on the surface of the
second and third sections of the U blanket is presented in Table 7. For compar-
ison, measurements by proton recoils with CR-39 at the same positions are also
tabulated. There is a reasonable agreement between the two methods considering
the different energy ranges covered by each method.

Table 7. Fluence of fast neutrons on the surface of the middle sections of the U blanket
measured with two different SSNTD methods

Neutron energy range, eV
Neutron �uence,

10−3 n · cm−2 · p−1

Proton recoil detectors Fission fragment detectors

3 · 105 to 3 · 106 2.5 ± 0.9 Å
Above 1 · 106 Å 7.5 ± 1.7
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Fig. 19. Experimental thermal and intermediate-fast neutron �uences measured in the
middle of the U/Pb-assembly on top of the shielding

The �uence of thermal and intermediate-fast neutrons escaping the poly-
ethylene shielding was measured at three different positions on the top of the
shielding, using ˇve sets of CR-39 detectors that were placed vertical to the Pb-
target axis (see Fig. 16). The �uences measured at each of the three positions
show no signiˇcant variations among each other, therefore only the results ob-
tained at the central position are presented in Fig. 19. The total neutron density
is about one order of magnitude lower than directly on the U blanket surface
and half of the neutrons are in the thermal energy range. Taking into account
that 1 mm of Cd on the target side of the shielding box has absorbed all thermal
neutrons coming out of the U/Pb-assembly the thermal neutrons on top of the
shielding must be decelerated intermediate-fast neutrons. Thus, the polyethylene
shielding proves to be an efˇcient moderator in which half of fast neutrons leav-
ing the U blanket are thermalized. However, neutrons with energies ranging up
to 3 MeV were also detected on top of the shielding and therefore in forthcom-
ing experiments the contribution of high-energy neutrons around the whole setup
should be measured using U/Makrofol and Au/Makrofol ˇssion detectors.

3.3. Measurements of Fast Neutron Spectra with Nuclear Emulsions. The
preceding sections gave a detailed account on neutron spectra measured inside and
around the U/Pb-assembly with major emphasis on neutrons with energies below
several MeV. An accurate measurement of the neutron spectrum, in particular, of
the high energy part above 1 MeV neutron energy, was carried out using nuclear
emulsions. Details of this technique have been described in our article (see
[12]). The measurement was performed on the outside of the biological shielding
above the uranium blanket between the ˇrst and second uranium section, such as
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Fig. 20. Experimental and calculated neutron spectrum above the U/Pb-assembly during
the irradiation with 1.5 GeV protons

indicated in Fig. 2. The ˇgure shows a cut through the entire U/Pb-assembly and
also the hole in the top part of the shielding.

Cd foils aligned around and over this hole prevented the transfer of thermal
neutrons through this opening. High sensitivity thick nuclear emulsions G-5
BR (baseless, relativistic) were exposed to neutrons emitted from the uranium
blanket that were moving in the 90◦ direction to beam axis during an irradiation
with a few pulses of 1.5 GeV protons. The nuclear emulsion sheet had the size
100 ·25 ·1.4 mm3 and it was positioned in 500 mm distance above the top surface
of the U blanket. The hole of 30 mm diameter in the top shielding was used as
a collimator for the neutrons (see Fig. 2). High-energy neutrons produce recoil
protons inside the nuclear emulsion which in turn produce tracks for analysis.
After the irradiation proton tracks inside the nuclear emulsion were developed
and about 3000 events were scanned and measured with an optical microscope.
The accurate measurement of the recoil proton track length allows a very precise
determination of the proton energy Ep. The direction of motion of each proton
is measured and the scattering angle Θ relative to the direction of the collimating
hole is calculated. Thus, it is possible to determine the primary neutron energy
En of the elastically scattered neutron using the equation En = Ep(cos Θ)−2.

The resulting neutron spectrum is shown in Fig. 20 where the maximum of
the registered distribution is at (1.5±0.5) MeV neutron energy. Neutron energies
up to 200 MeV have been observed. The barycenter of the spectrum from 0 to
20 MeV is at (4.3 ± 0.5) MeV. If statistics could be improved through extensive
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scanning of additional tracks one would surely have also registered neutrons of
higher energies and the barycenter of the distribution would be slightly over
4.3 MeV. Thus the barycenter of the same spectrum in range from 0 to 50 MeV
is at (6.6± 0.5) MeV. This neutron spectrum measured over the uranium blanket
is much harder than the ˇssion neutron spectrum in a conventional nuclear reactor
where the barycenter is (1.58 ± 0.12) MeV (see Fig. 1 and Table 1 in [38]).

The neutron spectrum on top of the shielding is determined experimentally
with very good resolution and high statistical signiˇcance. This spectrum is there-
fore very suitable to serve as a benchmark set of data for comparison with model
calculations. The theoretical spectrum as calculated with the program DCM/CEM
[26, 27] is also indicated in Fig. 20. Signiˇcant discrepancies found, especially in
the low- and medium-energy region, clearly show that the modelling of neutron
production and transport processes needs improvement. As the modelling of the
interaction environment was very elaborate in the calculations it may seem that the
basic modelling of the physics of interactions has to be improved. Discrepancies
found in the emulsion method conˇrm results from radiochemical measurements
with threshold detectors (see Sec. 2.3 and Fig. 11) where similar discrepancies
between experimental and calculated neutron spectra were encountered.

CONCLUSIONS

An extended U/Pb-assembly [1, 2] containing a massive 43 kg Pb target sur-
rounded by 206.4 kg natural uranium as U blanket without any low-Z moderators
was irradiated with 1.5 GeV protons. Quantitative details of the neutron induced
transmutation of nuclides as well as neutron yields and neutron spectra have been
investigated within this assembly.

• Due to very hard neutron spectra, one could observe products in stable
Co, Au and Bi sensors from (n, xn) reactions yielding neutron deˇcient isotopes
produced through the emission of up to x = 9 neutrons. This is in contrast to
the transmutation yields restricted essentially to (n, γ) processes as observed in
an accelerator driven model system containing an efˇcienct low-Z moderator that
produced a high thermal neutron �uence [13, 14, 20, 23].

• For the same reasons, one observed in transmutation studies on the stable
nuclide 127I not only the direct (n, γ)-transmutation product 128I but also con-
siderable yields of neutron deˇcient iodine isotopes down to 120I. Transmutation
yields in both systems with hard or soft neutron spectra depend in detail on the
actual geometrical construction of the setups.

• Experimental radial and axial distributions of 235U and 238U ˇssion rates, as
well as spectral indexes σ̄

238U
f /σ̄

235U
f have been obtained with the SSNTD method

for the entire Pb target and the U blanket. Calculated results using a modiˇed
computer code DCM/CEM show a reasonable agreement with the experimental
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radial and axial distributions of 235U and 238U ˇssion rates inside the blanket
and a less satisfactory agreement on the surface of the blanket. Experimental and
calculated results for spectral indexes σ̄

238U
f /σ̄

235U
f do not change within the range

of experimental uncertainties on the surface of the blanket in the axial direction.
This indicates a rather constant neutron spectrum in the U/Pb-assembly along the
proton beam direction. The agreement of the measured and calculated results
conˇrms the fact that the calculation model describes correctly the relative energy
transfer due to scattering within the blanket material.

• Results of 235U and 238U ˇssion rates are conˇrmed by a second set of
SSNTD experiments using CR-39 and Macrofol plastic track detectors, where
the fast neutron �uence on the U-blanket surface is studied over its total length.
Taking the measured neutron �uences on the surface of the U blanket as shown
in Fig. 18, one can estimate the expected �uence for a 1 mA proton beam of
1.5 GeV in the present system as follows:

Φ (thermal-epithermal neutrons) = 1 · 1013 neutrons · cm−2 · s−1,

Φ (intermediate-fast neutrons) = 2 · 1014 neutrons · cm−2 · s−1.

Such neutron �uences are a quite substancial achievement towards the real-
ization of a transmutation facility on a larger scale. However, they request the
technical ability to remove considerably more than 1.5 MW of thermal energy
out of the assembly which is a difˇcult technical task.

• The neutron spectrum up to 25 MeV energy was measured with high
resolution and good statistical precision using a nuclear emulsion method. The
comparison of experimental and calculated data unambiguously shows that current
model descriptions for neutron production and transport need improvement. In
this experiment the technique of nuclear emulsions has for the ˇrst time been
applied to measurements of neutron spectra in an accelerator driven system (ADS).

• It is evident from all comparisons shown between experimental data and
the results from model calculations that the theoretical modeling of neutron pro-
duction and transmutation processes needs a lot of improvement. Differences
between measured and calculated data by a factor of 20 or more are frequently
encountered. Such differences are unacceptable when large transmutation facili-
ties shall designed on a technical or even on an industrial scale.

It is shown, that the project ®Energy plus Transmutation¯ [1, 2] provides
valuable results and useful technical informations [5Ä12] towards the realization of
scientiˇcally and industrially relevant future constructions employing accelerator-
driven systems.
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