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Transmutation / Relativistic proton beam / Moderator / the temperature of liquid helium, thus allowing a very ef-
Pbtarget / **°1, *°La, *'Np / Neutron spectra / B-value ficient use of electrical power to produce relativistic pro-

tons and heavy ions of energies up to 6 Gaycleon. In

the initial phase of the operation only relativistic protons
Summary. Transmutation experiments have been carried outwith energies up to about 5 GeV were used to study trans-
using the NUCLOTRON, a new accelerator for relativistic mutation of long-lived radioactive waste. Highly radioactive
particles.. The experiments' were carried out in .the Velksler\,\,as»[e is being accumulated through the continued opera-
and Baldin Laboratory of High Energies of the Joint Institute i of commercial nuclear power plants and other nuclear
for Nuclear Research in Dubna, Russian Federation. Eartacilities. Large quantities of such waste constitute a very se-

lier experiments using an 8 cr Pb-target of 20cm length . X -
and surrounded by 6cm paraffin (GAMMA-2 target) have OUS problem for mankind both from a commercial as well

been continued to study the transmutation*8ta and the @S from an ecological and safety point of view. A decade
highly radiotoxic radwaste nuclidé®l and 2'Np using spal- ago several teams suggested the development of subcritical
lation neutrons produced by relativistic protons with energiesnuclear assemblies [2, 3] which are ignited and upheld by
0.5GeV< E, <4.15GeV. Results of previous experiments relativistic particles for the transmutation of long-lived ra-
were complemented with additional results, thus yielding datadioactive waste. Typical examples of long-lived and highly
systematics with small uncentéies over the probably com- radiotoxic nuclides that can be transmuted into short-lived
mercially relevant energy range of30GeV<E, <1.0GeV o staple nuclei aré*Np and'®l. An essential technical
and also in the scientifically ieresting range above 1GeV. gio for transmutation is the production of large amounts of
Moreover, neutron density distributions in irradiations with neutrons through spallation iens induced by relativis-

0.65GeV, 1GeV and 3 GeV protons were determined on . t in h ¢ t terials. Th ¢
the surface of the paraffin moderator for two energy regimed!C Protons in heavy target materials. The energy spectrum

of slow and intermediagéast neutrons. A large set of high ©Of Spallation neutrons extends up to a few hundred MeV.
quality experimental data with small uncertainties has beenl he exact shape of the neutron energy spectrum depends on
generated that can serve asnbhmark data for modelling a wide range of parameters, such as the position within the
purposes. target assembly, the target composition and others. Studies
of these and associated problems have also been carried out
during recent years [4—7] — among others — at the Labora-
tory of High Energies (LHE), Dubna and in CERN, Geneva
for proton energies above®GeV.
The completion of the new accelerator NUCLOTRON [1] at  The present work is a continuation of these investigations
the Veksler and Baldin Laboratory of High Energies (LHE) in the LHE in Dubna. A successful feasibility study about
of the Joint Institute for Nuclear Research (JINR) in Dubna,using the new accelerator NUCLOTRON for such investi-
Russia, is a remarkable achievement in the construction ofjations is reported in [8]. The present paper focuses on the
advanced accelerators for relativistic particles and it openglevelopment of precise and well-controlled irradiation con-
the door to a broad spectrum of exciting new experimentsditions for ongoing transmutation investigations. Technical
The accelerator ring of the NUCLOTRON is operated atdetails for accurate fluence determinations, as well as meas-
- urements of azimuthal distribution of thermal neutrons at

* Author for correspondence (E-mail: Westmeier@Westmeier.com)the moderator surface of ourasidard experimental setup,

1. Introduction
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called GAMMA-2, will be presented. Transmutation rates 1.
of 1, ¥ a and?*'Np will be given for well-defined ex-
perimental conditions using protons of energies in the range
from 0.53 GeV to 415 GeV. The main goal of these meas-
urements is the generation of a large amount of acceleratdz.
driven transmutation resultsith small uncertainties that can

be used as benchmark data for the necessary improvement of

129 and #'Np were taken as specimen for very long-
lived and highly radiotoxic nuclides contained in nuclear
waste. The selection of these nuclides was governed by
availability and ease of handling.

1%L a is an inactive nuclide that has several advantages
making it well suitable for transmutation studies with
low-energy neutrons:

model calculations. _
The measurement of detailed neutronics on the GAMMA-_
2 target, such as neutron densities and energy spectra, is of

The material is intrinsically not radioactive;
The induced radioactivity is short lived and samples can

; . v ; be re-used;
great interest for practlcal aspects of transmutation studies The induced radioactivity has several strong and glear
and for computerized model developers. Results for neu- ray lines:

tron density distributions measured with solid state nuclear_
track detectors (SSNTD) with converters on top of the target
will be presented. Data are shown for two different neutron
energy regimes in experiments with protons c39GeV,
1.0 GeV and 37 GeV impinging on the lead target.

The material normally maintains its geometrical shape;
The material is easily weighed into the sample contain-
ers;

The material comes in well-defined stochiometry;

— The material has a low price;

— The material is not subject to handling restrictions;

— The material is easy to dispose of.

2. Experimental setup

Our experiments were carried out with the GAMMA-2 tar- .

get setup at the NUCLOTRON accelerator using protonsg' Experiments on GAMMA-2
in the energy range from.B3 GeV to 415 GeV. Details of In each experiment with the GAMMA-2 target a variety
the experimental setup are given in Ref. [8]. Fig. 1 givesof measurements is being made by many participants of
a schematic view of the GAMMA-2 target together with its an international collaboration using different transmutation
on-line beam monitoring system. Five scintillation detectorssamples, threshold detectors, activation samples and various
C1 to C5 were used to monitor the beam; coincidence dat&inds of solid state nuclear track detectors. Typical results
from C1xC2 quantified the direct beam and £34xC5  from these measurements addressing different research sub-
measured scattered particles from a PE target witicing  jects are presented in the sections below.

thickness. Polaroid films were used for the definition of pos-
ition, size and shape of the beam on target.

Transmutation and other samples on GAMMA-2 can be
placed either inside the spallation target between the lea
disks, or onto the surface of the lead target, between
the lead disks and the paraffin moderator shell where the . :

al proton fluence monitor reactions, tHal( p, 3pn)**Na

are exposed to primary spallatimeutrons, or on top of the . . :
b b y Sp b rreactlon. Published data of cross sections for the

paraffin moderator where the neutron spectrum is consider;; (b, 3pM)% , vzed luated and

ably softer. Two kinds of transmutation samples have been Al(p. 3pn) Na reaction were re-analyzed, evaluated an

used in these experiments: Ieas_t—squares f|tte_d with an appropriate fungnon in order
to find a well defined cross section value with small un-

certainty for every relevant proton energy in the range

3.1 Measurement of the proton fluence

Jp order to determine proton fluences unambiguously with
radiochemical methods it appeared to be useful to reconsider
?we cross sections of one of the commonly used radiochem-
(o

.E_.j>F 0.5 Ge\|/§ E, <7GeV. S_rrllaellsléncert_fillinties in the cross s;]ec-

& B tion values are essentia e will propagate onto the
ii;:g:dcsbema? s uncertainties of all experimental results. Several publica-

Il T— " tions were considered in the evaluation, as given in Refs. [9]

and [10] and references therein. A plot of selected cross sec-
tion data is shown in Fig. 2. Data points below the proton
energy of approx. 500 MeV are of no relevance to our ex-
periments and thus a least squares fit was only made to data

Al — monitor foils
i 215mm 3

200mm

’
Pro! 80mm I

Hfesearees

'W* A— } 215mmy T:f;tﬁn in thg higher energy range, as indicat.ed in the figure. The
function used for the fit is an exponential polynomial of the
Wire Chambers Scattering target 300mm form:
X-Y beam profiles a 2 o = expa+bx +cx?+dx®), (1)
Direct b . S
mnr;cor éimclz whereo is the cross section in mla, b, c andd are poly-

Polaroid nomial coefficiencs ank is defined ax = In(z-shift) where

Fig.1. Schematic view of the GAMMA-2 setup. The target is com- 7 is the proton energy in MeV and shift is a fit parame-

posed of 20 lead disks with 8 cm diameter and 1 cm thickness, th / . .
paraffin moderator shell has 20 cm outer diameter, 6 cm thickness an?:er' A least squares fit of the polynomial yielded the coef-

31 cm length. The Al-monitor contains a stack of three thin aluminium fICieNts asa = (121224 4.322), b= (—2.9337+ 1.4786),
foils where the center foil is used. ¢ = (0.286844-0.18223, d = (—0.00932+ 0.00793 and
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T e Tablel. Cross sections for the reacti@fAl( p, 3pn)*Na as used in
T our experiments.
5 o5 I% - .
€ 104 = o i Proton energy Cross section
- | (GeV) (mb)
5 i .
B 1 0533 1150+0.17
R {065 111840.17
§ 5 - 1.00 1051+0.17
<4 1 27 24 1 1.50 993+0.17
© Al (p,3pn)”Na {200 95840.17
3.70 900+0.18
1 4.15 892+0.18
0 T T Ty 7.40 865+0.17
100 1000 10000

Proton energy [MeV]
Fig. 2. Excitation function for the monitor reactiQ?ﬁAI( P, 3pn)24Na_ extraction channel. Aluminium activation foils were used to
Open circles are very recent data from Ref. [16]. The central line isdetermine the integral proton fluence on the target. The ab-
the fitted function and the two outer lines indicate thkr uncertainty  gg|yte intensity of the proton beam hitting the target was
range. determined as described elsewhere [5, 8, 10]. The Al mon-
itor foil stack was placed approx. 60 cm upstream the Pb

shift = (—5685+ 237.8). There isno physical or mathemat- target in order to avoid activation from backscattered par-
ical reason for the selection of this function but it rather fitsticles. In each experiment a stack of three Al foils was
the experimental data well. The central fit line in Fig. 2 de- mounted in an aligned position with the target and perpen-
picts the least-squares fitted function and the two lines abovedicular to the beam axis as shown in Fig. 1, and irradiated
and below the fitted line indicate the one standard deviaduring the whole run. Then the center foil with a thickness
tion (+10) uncertainty range of the fitted function. Cross of 31.0um (1.88 x 10?° atoms cm?) was cut into concentric
sections values for energies of our and other relevant irrarings of diameters 21 mm, 80 mm, 120 mm and 160 mm, re-
diations as calculated from the fitted function are given inspectively. The inner circle (21 mm) and the innermost ring
Table 1. It should be noted that a very recent experimen{up to 80 mm) covered exactly the diameter of the lead target
tal data set from reference [16] is in excellent agreementnd thus these two foils determined the proton beam on the
with our fit, except one data point at 400 MeV. The reasontarget. In order to optimize the geometric efficiency for the
for an apparent discrepancy for this data point is unknowrmeasurement of gamma-ray spectra from the Al-rings the
but it seems worthwhile that cross sections at least in thdoil samples were compressed into plastic vials of 14 mm in-
energy range of 200 Me¥ E, < 600 MeV should be re- ner diameter yielding sample thicknesses betweed mm
investigated. Despite the fact that the selected data in Fig. 2andca. 5 mm.
look very consistent and can be fitted well, there is stil Gamma-ray spectrum analysis was carried out in a well-
a lot of ambiguity in the whole set of published data. For established conventional anner [11]. The measured ac-
example, the cross section at 1200 MeV proton energy isivities of *Na at end-of-irradiation (EOI) were corrected
found as (data listed in the order of publication dates33) for decay during the irradiation according to the known
0.7 mb interpolated from [9], 12+ 0.9 mb [17], 108+ beam-burst profile, for decay between EOI and start of
0.8 mb [18], 129+ 0.9 mb [19], 104+ 0.3 mb interpolated counting and for decay during the counting time. For
from [16], and 1024+ 0.17 mb (this work) which is a re- each individual beam burst the extracted number of pro-
markably wide range of scattag of results. Without further tons and the time of occurrence are known. Thus one
experimental details we are unable to comment on the appacan calculate the relative number ¥Na atoms that have
ent discrepancies. decayed during the irradiation and consider these in the

Initial information about the extracted beam intensity calculation of the proton beam intensity. Table 2 gives
was obtained from operators’ instrumentation in the beama summary of the results of the measurement of proton

Table2. Details of beam

monitoring. (F’Gro'{?)n energy 0.53 0.65 1.00 2.00 3.70 4.15
€

Proton density
(10 p/cne):
21 mmg circle 252 +21 694 +£72 192 +16 330 £28 327 £26 224 +19
— 80 mm ring 105 £0.7 202 +£17 242 + 2.0 138 £10 377 £25 206 +14
— 120 mm ring 210+0.15 2414+023 111+ 010 125+0.14 315+0.23 100+0.09
— 160 mm ring 037+0.04 042+0.05 048+ 0.04 010+0.02 155+0.14 054+0.05
Total fluence B7+0.36 136 +£09 186 + 1.1 841+048 221 +13 115 +0.7
(102 protons)
On lead target 53+035 117 +£08 175 + 20 754+047 167 £10 105 +0.7
(102 protons) = = = = = =

Percentage (%) 77 £6.0 861 6.1 940 £106 896 £56 755 +4.3 904 +7.8
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fluences for the six proton irradiations presented in this
paper.

3.2 Measurements using **L a samples

A schematic picture of the positions of sort#La sam-
ples around the GAMMA-2 target is shown in Fig. 3. The
samples are placed on the surface around the paraffin she
which has a diameter of 20 cm. The inner ring in Fig. 3 indi-
cates the Pb-target of 8 cm diameter. A duplicate La-sampls
(sample No. 12) was attached directly adjacent to sampli
No. 7 for reproducibility measurements in experiments with
0.65 GeV, 10 GeV and 37 GeV protons. Another set of sam-
ples was positioned along the beam axis on top of the paral
fin moderator, where the sample spacing is 5 cm and the firs
sample sits over the point where the beam impinges onto th
Pb target.

The reproducibility of measured values, the azimuthal
asymmetry of the neutron fluence around the target and the
integratedB-values for'*’La were determined experimen- Fig 3. sketch of the geometrical setup for the determination of the
tally using the transmutation reaction §fLa. The mate-  azimuthal anisotropy and of the reproducibility of measured values.
rial used for our investigations was LaClH,O which is
a slightly hygroscopic white #athat sticks easily together
and maintains its geometrical shape when handled gentlyegion between the two large circles denotes the paraffin

The transmutation rate #°La is determined as B (**La)- moderator shell and the small circles with numbers are the
value for the nuclear activation reaction La-samples in the respective locations around the target.
Next to sample position No. 7 a second La-sample was ir-

B9Lan, y*La, (2) radiated. The ratidx(reprod.) of the*°La activity per gram

of La in sample No.12 to th&°La activity per gram of La
where'*La decays with a half-life of 40.2 hours with the in sample No.7 was calculated and from the resulting three
emission of several strongrays. TheB-value for the reac-  ratios the weighted meaR(reprod.),..cwas calculated as:
tion is defined as
R(reprod.) e age= 0.988+ 0.044. 3
B (**°La) = Number of atoms of*°La produced in
1 gram of**La as sample material Propagation of uncertainties was maintained throughout all
per 1 primary proton. calculayons. The ngghted average ratio of measurements
of duplicate results is very close to unity and it is deter-

The B-value for a reaction is the normalized average valugMined with an uncertainty of only-4.4%. We assume that

of the integral of the excitation function for a nuclear re- the reproducibility of results is good and that there is no
action multiplied with the neutron spectrum at the given need for our team to make further measurements of dupli-
sample position on the setup. The definition allows inter-Cate samples.

comparison of results from different samples and (probably)

_for differing proton energies on a given setup, bufc itis crit- 3 5 2 The azimuthal distribution of secondary neutrons

ically dependent on the geometry of the experiment and

the composition of its constituents. ThiB-values that are Five La-samples on top of the target are used to measure
measured on one specific target system cannot be numethe integrated (**°La) (see Sect. 3.2.3) The neutron fluence
ically compared with those from other experiments usingon GAMMA-2 is very large around the position of the sec-
a different target. However, as we restrict ourselves to alond sample and therefore this position was chosen to study
ways using the identical target setup for one type of ex-the azimuthal variations of the neutron fluence. This second

periments, our results can be subjected even to numeric&l@-sample at 5 cm behind impact of the beam on the lead tar-

intercomparison. get serves simultaneously for the measuremeré ¢f°La)
along the longitudinal axis and the determination of the azi-

3.2.1 Reproducibility of measurements with different muthal variations. Six La-samples were therefore attached

samples around the paraffin shell as schematically shown in Fig. 3.

Samples were placed at azimuthal angles “of6lr, 120,
In order to test the reproducibility of measurements we ex-180°, 240, and 300 where the sample on top is denoted
posed in three separate experiments a seéhd sample as 0. The anisotropy is determined through the activity at
(sample No. 12) directly adjacent to sample position No. 7EOI of *°%La as counted in a calibrated position of the HPGe
which is the 120 position in the measurement of the azi- detector and corrected for efficiency and all decays.
muthal neutron density variations (see Sect. 3.2.2). A sketch In Fig. 4 the resulting azimuthal neutron density distribu-
of the measurement geometry is shown in Fig. 3 where thdion from the 053 GeV irradiation on GAMMA-2 is shown
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GAMMA-2 at 0.53 GeV : Azimuthal Neutron Density GAMMA-2 at 4.15 GeV : Azimuthal Neutron Density

0° 0°

N
|
T

300°

La normalized activity
La normalized activity

240°

140
140

180°
Fig.4. Polar graph of the azimuthal neutron density distribution in the
0.53 GeV experiment. The polar coordinate is scaled as normalize
activity of *°La relative to the value at’0

180°

Fig. 6. Polar graph of the azimuthal neutron density distribution in the
.15 GeV experiment.

Table3. Azimuthal correction factors for th& (**°La) calculation in
as a polar graph, where the radial coordinate gives the noproton irradiations.
malized**°La activity in one gram of La. The length of the
radial coordinate of the'Gctivity is denoted as unity and the Proton energyGev Correction factor
other values are normalized accordingly onto a radial scale

that goes from zero to two. Iso-circles have been plotted ag'gg 183%8‘823
even fractions of the counting rate of the samplecaffbe 1 g9 12124 0.039
figure shows a very symmetric neutron distribution in the2.00 1104+ 0.056
upper part from 300to 60 and a slight asymmetry from 3.70 0971+0.036
60 to 240. The neutron density value at 129about 1.25 415 1419+0.041

times the value at“0and the average asymmetry with re-

spect to 0 is calculated to be.136+ 0.034. This number

is the correction factor that must be applied toRdlalues  the azimuthal neutron asymmetry correction is not negligi-

being measured at @n top of the GAMMA-2 setup in the ble. For proper analysis and display of experimental data it

0.53 GeV experiment. is mandatory that the asymmetry is measured and considered
In Figs. 5 and 6 the normalized polar graphs for irradi- in each individual experiment. There is no systematic trend

ations at two other proton energies are shown where azier dependence found for thesermxtion factors. The azi-

muthal anisotropies are extremes. The resulting correctiomuthal asymmetry in the neutralistributions on the surface

factors for all irradiations are summarized in Table 3. Fromof the paraffin can have two origins:

the figures and Table 3 it is clear that in most experiments - . .
9 P 1) An external origin, resulting from the reflection of neu-

trons from surrounding material such as the irradiation
table, floor and wallsgtc.
GAMMA-2 at 3.7 GeV : Azimuthal Neutron Density 2) An internal origin, resulting from asymmetries in beam
0° position on entrance to the target, in beam shape and in

.1 the axial alignment of the target.

Calculations show that although an effect of neutron reflec-
tion from external material exists it can by far not explain
the observed asymmetries. However, an irregular shape of
the incident beam and deviation of the target axis from the
incident beam direction can result in a highly asymmetric
neutron distribution around the target [12].

3.2.3 Transmutation of *°La

La normalized activity

Samples containing 1 gram of lanthanum each were placed
on top of the target assembly at distances of 5cm, 10 cm,
15cm, 20 cm, and 25 cm from the front side of the paraf-

180° fin block. These locations are 0 cm, 5cm, 10 cm, 15 cm and

Fig.5. Polar graph of the azimuthal neutron density distribution in the 29 cm from the front of t_he lead targete. the first sample
3.7 GeV experiment. sits just above the location where the proton beam hits the

140
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Table4. B (**°La)-values in units of [1¢

atoms*’La in 1 g**La per 1 proton]. E,/GeV Ocm 5cm 10cm 15cm 20cm B(integraly
0.53 263+0.17 378+0.24 400+0.26 246+0.16 162+0.10 1023+ 7.3
0.65 328+0.22 451+0.30 495+0.33 357+0.24 197+0.13 1206+10.1
1.00 393+0.27 566+0.38 630+043 473+0.32 285+0.19 1762+137
2.00 674+0.47 1045+0.73 1126+0.79 954+0.67 631+0.45 3069+26.0
3.70 933+0.69 1269+0.96 1545+1.15 1194+0.89 7.36+0.55 3470+29.2
4.15 848+0.56 1262+0.83 1561+1.03 1334+0.88 821+0.58 4678+34.3

E, is the proton energy. The distances are given in cm from the front of the Pb target;
a: B (integral) is the integrateB (**°La)-value as defined in the text.

Pb. B-values for each of the five samples (corrected for neu-of the B-values is always found at about 10 cm downstream
tron anisotropy) were calculated in every experiment. Thethe beginning of the lead target and the widths of the dis-

individual B (**°La) values are listed in Table 4. tributions are essentially the same for each energy in the
In order to compare neutron densities from various ex-0.53 GeV< E, < 4.15 GeV range.
periments we calculated the integratBq**°’La) for *°La A compilation of integrated and normalize®i(**°La)-

on the GAMMA-2 setup by fitting the five data points with values on the GAMMA-2 setup is shown in Fig. 8 as a func-
a modified (skewed) Gaussian function. The function is usedion of proton energy. The data from earlier NUCLOTRON
because it has a suitable shape and not because of aeyperiments [8] are also included which were measured
physical significance. The leastuares fitted functions are without an anisotropy correction. The dotted line connect-
plotted as solid lines in Fig. 7 for irradiations ab@ GeV, ing the data points just serves to guide the eye. One can
2.0 GeV and 415 GeV. see that the uncorrected datapoints fall far below the dot-
The integral over a fitted function fromoo to +oco is  ted line which underlines # necessity of measurement
the integrated (**°La) which will be used for comparisons of the beam anisotropy and corresponding data correction
later. The fitted distributions quantify findings from earlier in every experiment. Fig. 8 shows the effectiveness of the
experiments [4, 5] that the shapes Bivalue distributions GAMMA-2 setup for transmutation of**La via neutron
(i.e. the neutron densities over the target) are very similarcapture reactions. Thus, it also displays the effectiveness of
over the entire proton energy range studied. The maximunthe GAMMA-2 setup for the production of low-energy neu-

T T T T T T T T T T
0.00015 4 i 0.00004
S S 000003
S 0.00010 4 o ]
o o 4
2 2 0.00002 ]
g g ]
o 0.00005 - - © :
> > 0.00001
140 E
B("La) at 4.15 GeV ] B(“°La) at 0.53 GeV
0.00000 0.00000 -
T T T T T L T T T T T T T T T T T T T T T T T T T T T T T
-10 0 10 20 30 -10 0 10 20 30
Distance [cm] Distance [cm]
T T T T T
0.00012 - i
'Tg i
g 0.00008+
2 ]
=
S 0.00004
®©
S ]
m 140
] B("La) at 2.0 GeV
0.00000

-10 0 10 20 30
Distance [cm]

Fig.7. B-values for**°La along the top of the paraffin moderator in the irradiation wi80GeV, 20 GeV and 415 GeV protons on the GAMMA-2
target. The distancg = 0 cm corresponds to the upsteam end of the 20 cm long Pb tasgéhe point of proton impact.
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’-; 0.003 — ' Table5. B-values for the transmutation & and #’Np in units of
& o Nov/Dec 2001 [107° atoms in one gram of sample per proton].
"o o July 2002
T = December 2002 Proton energyE, (GeV) B (**1) B (**Np)

S 0.002- E i

S EE 0.53 11144076 519+ 36
=~ e E 0.65 1536+1.31 638+ 5.4

w Q 1.00 1676+1.18 794+ 5.7
= (3 [ R 2.00 2655+2.09 191 +15

3 00014 [} 1 370 4045+2.78 217 +15
?:v 4.15 47474+3.08 321 +23

m

B NO anisotropy correction

©

g 0 0 1 5 3 . s (0.53GeV, 20 GeV and 415 GeV) had a diameter of 60 mm
S

and side walls of 30 mm height as described in detail in
Ref. [4] whereas in December 2002 we employed smaller
containers of 35 mm diameter acal 15 mm height. The ac-
tual sample geometry was identical in both container types,
i.e. the Nal samples inside each container had a diameter of
trons. It is interesting to note that the effectiveness (als®21 mm. The iodine sample was placed between the third and
called “neutron economy” [15]) of GAMMA-2, which has fourth La-sampleij.e. 12.5 cm from the front of the lead tar-
only 20 cm Pb target length, for low-energy neutron produc-get, and at an angle of approx. 40 degrees from the top of the
tion is best at low proton energies. The shape and slope gfaraffin shell. After each irradiation the iodine-sample was
the B (**°La)/E, curve are not completely consistent with counted several times in a calibrated position with a HPGe
calculations [13] which may well be due to the quite large detector, all lines from*l were analyzed and the weighted
diameter of the beam at low irradiation energies. mean activity at EOI of*% in the sample was calculated
with consideration of all decays. The weighted mean activ-
ity values from various spectra were used to calculate the
B (**%) value for each proton energy. The resulting normal-

neutrons ized values are listed in Table 5 and shown in Fig. 9 (left),
In each experiment radioactive samples'8f and *'Np o the figure shows the transmutation effectivenessZfor
were also irradiated on the surface of the paraffin moderator The Np-samples contained betwee@9g and 108 g of
shell. Neutron capturen(y) reactions were used for trans- npeptunjum in the form oF’NpO, salt. The material is safely
mutation andy-rays from the decay of the product nuclei encapsulated in weld-sealed aluminium containers where
were measured: the Np container geometries were identical to the | contain-
ers. The Np sample was placed between the third and fourth
La-samplej.e. 12.5 cm from the front of the lead target, and
at an angle of approx-40 degrees from the top of the paraf-
fin shell, opposite to the iodine sample.

Sample assay ang-ray spectrum analysis were con-
The I-samples contained betweer® § and 09 g of lodine  ducted identical to the | samples. The resultiR¢>*Np)-
(85% of *°I, 15% of **I) in the form of Nal salt. The values are listed in Table 5 and shown in Fig. 9 (right).
material is safely encapsulated in weld-sealed aluminium Considering results from Tables 4 and 5 and Figs. 8 and 9
containers. The containersagsin the July 2002 experiment it is clear that the transmutation effectivendssE, on the

Proton energy [GeV]

Fig. 8. Integrated and normalizegtvalues for*’La on the GAMMA-2
setup. The dotted line serves to guide the eye.

3.3 Transmutation of *°| and ’Np with spallation

29 (n, = (B, Ty, =12h = Xe (stable) (4)

237Np(n, ,y)238Np (,3_, T1/2 — 21 d)
= short-lived decay chain (5)
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Fig.9. NormalizedB (**°) /E, and B (**Np)/E, on the surface of the GAMMA-2 setup. The dotted line serves to guide the eye.
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GAMMA-2 target is always highest at low proton energy shown in Fig. 10 for proton energies of6® GeV, 10 GeV

and gradually falls off with rising bombarding energy. This and 37 GeV. Uncertainties of track densities were estimated

may be a consequence of the size of the target where thas the standard deviation of the scanned track densities of
small diameter and short length do not allow the intra- and25 fields counted in each detector. The conversion of the
inter-nuclear cascades originating from incident protons tarack density into the neutron density was made by use of
be completed [13]. an appropriate calibration [14]. Total uncertainties were cal-

culated considering error propagation for each conversion
factor in every energy range.

All neutron distributions along the paraffin surface have
Neutron density distributions were studied for slow (ther- very similar widths and exhibit a maximum around the mid-
mal and epithermal) as well as intermediate energy pluglle of the target length, in good agreement with low-energy
fast neutrons using sets of solid state nuclear track detectareutron density measurement® B (**°La) distributions.
(SSNTD) foils that were positioned along the target on theThe position of the maximum may be related to the interac-
paraffin surface. Each foil consisted of CR39 where quartion length, which for this energy range of primary protons
ter of the area was covered on both sides with 1 mm cadis about 18 cm [15].
mium for complete absorption of thermal neutrons. Infor-
mation exclusively about fast neutrons in the energy range
0.3MeV < E, <3 MeV is gathered in the Cd-covered part. 4 Conclusions
Fast neutrons are detecté@ proton recoil tracks produced
by (n, p) scattering in the CR39 material itself. Half of each The new modern accelerator NUCLOTRON at the Veksler
detector was in contact with Kodak LR115-2B film that was and Baldin Laboratory of High Energies in the Joint Insti-
covered with°Li,B,O, converter material, thus allowing, in tute for Nuclear Research in Dubna has proven to be a very
addition to fast neutrons, the detection of thermal neutronsuitable tool for detailed studies of proton induced transmu-
through tracks from thé&B(n, «)’Li and °Li(n, «)®H reac-  tation in accelerator driven systems.
tions. One quarter of each SSNTD detector was uncovered. Relative transmutation yields defined Bsvalues were
The SSNTD stacks were exposed to neutrons generated bpeasured for*La and for the highly radiotoxic waste
approximately 18 protons on the Pb target, where the beamnuclides **°l and *’Np in the proton energy range from
intensity was taken from operator’s readings. Densities 00.5 GeV to 415 GeV. Shapes oB-value distributions for
fast and slow neutrons along the paraffin moderator aré*La are in good agreement witieutron density measure-

ments using solid state nuclear track detectors. The trans-
mutation effectiveness in our target. the energy-weighted
- - - - - transmutation cross section, is measured largest at low pro-

3.4 Measurement of neutron densitieson thetarget

0.034

c
o
‘g m 370GeV | ton energy and then decreases with rising energy. This may
e ¢ 1.00Gev favour the use of proton beam energies that are lower than it
£ A 0.65GeV h : X . X
2 + + as been assumed in other design studies. Operating at lower
g 0.024 + + - energy would of course be commercially attractive.
= + Fundamental experiments on one GAMMA-2 target
g % setup have been completed in that a large set of high qual-
3 ﬁ k} I} l ity experimental data with small uncertainties have been
3 0017 } > ] f% % ] generated which serve as benchmark data and can be used
o g I Z&} <} for modelling purposes. However, additional measurements
& 1 X %} using the same simple, symmetric GAMMA-2 setup but
€ 000 - with a considerably longer lead target core will be made.
2 0 6 12 18 24 30 The reproducibility of our measured values is gobe,
B Distance along the paraffin surface [cm] our data are considered to be reliable even when we have
: : : : : measured a data point only once.
= 00154 m 370GeV | It seems to be essential that the azimuthal asymmetry of
£ + . © 1.00 GeV the neutron distribution is measured in every experiment and
S + 0-65 Gev corresponding corrections are applied to the data.
: -
£, 0.0104 E
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