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1. INTRODUCTION

This contribution is the continuation of studies investigating extended targets
(> 10 cm in length) irradiated with relativistic heavy ions. In the original work we
reported on «enhanced nuclear cross sections» for secondary fragments produced

in the interaction of 44 GeV '2C and 72 GeV 40Ar on various copper-block
configurations [1-3). Later on, a related enhancement was observed in the
breeding rates induced by secondary neutrons originating from the interaction of

44 GeV '2C with extended copper and lead targets [3-10]. As an example, such

enhanced breeding rates could be observed for 239Np, produced according to the
reaction:

2381, 129U B - 29Np B . )

23 min 23 days

This enhancement was originally observed by Tolstov and coworkers [4] in the

interaction of 44 GeV I2C with large lead targets and interpreted by Bisplinghoff
et al. [5]. An independent observation of enhanced neutron-production rates in

44 GeV '?)C interactions with extended Pb-targets has been published by
Vassilkov et al. [6].

Earlier, we have carried out transmutation studies in extended copper and lead

targets irradiated with relativistic 2C_jons. We used radiochemical sensors,
copper and lead targets as well as solid-state nuclear track detectors. This work
has already been described [5, 7-10].

In this paper these experiments are extended and continued as follows:

1) The first direct experimental transmutation studies on long-lived radio-

active waste-nuclei, such as 1291 (Tl/2 = 1.57-10’ y) and 237Np (Tl/2 = 2.14-10° ¥),

using relativistic heavy ions are reported [13]. The suggestions of other scientists,
such as Rubbia [11] and Bowman [12], followed. There is an apparent agreement
among the participating scientists that mankind has two options handling radio-
active waste (including plutonium): _

a) One can bury the radioactive waste such as it is. Then one needs final
depositories within geological formations stable for millions of years. Everybody
is aware of the fact that such stability cannot be guaranteed with any rational
degree of certainty.



b) One separates part of the radioactive waste such as actinides (Np, Pu, Am

and Cm) plus a few long-lived fission framgents (1291, 99Tc) from the rest of the
radioactive fission fragments by a process called partition. This is a series of

chemical separation steps. The actinides and fission products (1291, 99Tc) are then
transmuted in an accelerator-coupled nuclear assembly into stable and short-lived
nuclei, needing only final depositories up to 600 years [11].

2) The efficiency of different targets for the production of secondary neutrons
should be studied. The yield of secondary neutrons produced in a primary uranium
target is compared to those produced in a primary lead target irradiated with

relativistic ions such as 18 GeV '’C-ions and 3.67 GeV protons.

3) The amounts of secondary neutrons produced in the interaction of
3.67 GeV protons in extended lead targets are studied in detailed experiments
using a variety of techniques. Then experimental neutron yields are compared
with theoretical estimations.

2. EXPERIMENTAL

The experiments are carried out at the Synchrophasotron, Laboratory of High
Energies (LHE), Joint Institute for Nuclear Research (JINR), Dubna. Some details
of the irradiation are given in Table 1. The different experiments are described
consecutively.

Table 1. Experiments at the Synchrophasotron, LHE, JINR (Dubna)

No. Experiment* Irradiation Flux**
time (min)
! 3.67 GeV 'H - UNp 25 125 E+ 13
2 3.67 GeV 'H— Pb + I/Np 15 124 -E + 13
3 18 GeV 'C - Pb 416 7.73-E + 11
4 3.67 GeV 'H— U/Pb 27 124 -E+13
5 18 GeV '2C = U/Pb 472 895 -E+ 11

*The target setups are described later.
**For yield calculations the flux was determined by the monitor reaction: 27Al(p. 3pn)24Na.

2.1. The Transmutation Experiments on 1291 and 237Np

The first target used is shown in Fig.la: a cylinder of 20 cm Pb, composed of
20 disks, each being 8 cm in diameter and 1 cm thick, is irradiated with a well-
focused beam of 3.67 GeV protons during 15 minutes with a total intensity of

1.24 - 10"3 protons. The full width at half-maximum of the beam is about 22 mm.
The Pb-cylinder is surrounded by a paraffin moderator 6 cm thick. On top of the

moderator one places 0.425 g 129 (in form of Nal) and 0.742 g 237Np (in form of
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Fig.1. The target sctup for trans- 1129
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Fig.2. The decay curves of '*I and 238Np, formed in the reactions 2I(n, V1 and

BINp(n, 7)3*Np, using the experimental setup of Fig.1a

3



NpO,). The isotopic composition of iodine is 15% 127} and 85% '*°I. The iodine

isotope samples were obtained from the Bochvar Institute in Moscow (VNIINM).
The radioactive samples of I and Np are well sealed in Al-capsules, which is
shown in Fig.1b. These were prepared by the Institute of Physics and Power

Engineering (Obninsk, Russia). In addition to the 1291 and 237Np-samp]cs, shown
in Fig.la, two identical samples were irradiated directly in the 3.67 GeV proton

beam with 1.25-10" ions during a separate irradiation (Fig.1b). After the
irradiation, the radioactive samples were placed in front of a HPGe-detector in
order to study the gamma activity. As both 1291 and 237Np-samples are fairly
radioactive even without any activation, the samples were placed at a distance of
20 c¢cm from the detector. For the 237Np—sample, a Pb-plate 1 cm thick is paced
between the sample and the detector, reducing considerably the low energy
gamma activity. We identified in the fisrt target (Fig.ta) the (n, Y)-reaction
products 130 and 238Np as shown in the decay curves for these two nuclides in
Fig.2. Further analysis of the gamma-spectra is state of the art as described in 2,
7, 8]. The results are expressed in terms of «breeding rates» B, defined as follows:

___number of produced particles 2)

~ (single incident ion) - (1g sample) -

This term B is defined strictly in an empirical manner: this means that 1291 i

placed at the geometrical positions given in Fig.la. This target system is irradiated
with 3.67 GeV protons. Part of this work has already been published [13].

The resulting B-values are shown in Table 2. In addition, one can compare the
corresponding cross sections o(n, ¥) for the two reactions studied, using the
following approximate equation (we assume that despite some differences in the
respective excitation functions equation (3) gives sufficiently correct answers):

B, B,

N0,y NA2) oY)’

N, being the number of target atoms per gram. All the targets are exposed in the

3)

same geometrical position and to the same neutron fluence. Assuming

o(n, ¥} = 6.15 b for thermal neutrons in the reaction 127l(n, 7)1281, one obtains two
further o(n, y)-values, as given in Table 2. The corresponding B-value for the

reaction 127I(n, 7)1281 has been reported in [8a].

Table 2. Observed breeding rates 8 and measured g(n, y)-values for some transmutation
reactions. The B-value applies to the geometrical position of the targets shown in Fig. 1a

Reaction 237Np(n, Y)mNp 1271("’ Y)xzsl ’ ‘291( n, Y)IJO]
3(10“‘) 44+4 19102 30204
(ocn, 7). b 140 £ 30 6.15+1.23 102




Finally we can answer to some extent the question: How long must one

expose 1291 or 237Np-samples to neutrons before substantial amounts are
transmuted into stable or shord-lived nuclei? Taking the setup as shonw in Fig.1a
one can extimate that a 10 mA accelerator of 3.67 GeV protons should transmute

i) approximately 10% of 129 per year,
ii) approximately 30% of 237Np per month.
Such a transmutation rate for 237Np is large. According to the results of

Bowman et al. [12], a flux of thermal neutrons of 1.0- 10'? neulrons/cm2 - § can
achieve such large transmutation rates. This flux is considerably larger than that
in a conventional nuclear power station with approximately 3. 10'? neutrons (ther-
mal)/cm2 - 5. (It is obvious that conventional power plants have not been able to
transmute 237Np to a substantial degree.) In this estimation we did not consider
any technical problem, such as the heat-shielding of the target at 10 mA proton
intensity or the stability of the Nal-compound in its containment during the
irradiation. Both problems are nontrivial. In this paper we only wanted to give
indications of the transmutation capacity of our target system.

In the direct irradiation of 129] and 237Np (Fig.1b), one could observe a large
variety of spallation products as shown in Fig.3. The experimental results are

Spallation Product Cross Sections of lodine
—o— Experiment value
—u— Theory calculated

% (Rudstam's elaborated empirical method)
4 (15% 1-127 + 85% 1-129)
10
o 3
=
c
Qo
3
n 1 E
» ]
[23
o ]
O] 1
0.1 T v T v T 1

40 60 80 " 100 T 140
Mass Number of spallation products (A )

Fig.3. Spallation product cross sections for iodine irradiated with 3.67 GeV protons
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compared with the results obtained by the semiempirical formula of Rudstam [14].
This pattern of observed cross sections for spallation products as a function of
the mass of the spallation product fits well into the known spallation product
behavior [15].

2.2. On the Comparison of Uranium Targets
with Lead Targets Irradiated with Relativistic Ions

The target setups are shown in Fig.4. The Pb-target has been already used for
I and Np (Fig.4a), and irradiated earlier with a variety of deuteron- alpha-, and

12C—bc:ams [8a, 10]. A new target system was also irradiated, containing two
natural uranium rods 3.6 cm in diameter and 10.4 cm long encapsulated in thin
Al-foils and placed into the center of a lead target 8 cm in diameter, and
surrounded again by a 6 cm paraffin moderator (Fig.4b). Both target setups were

irradiated with 3.67 GeV protons, as well as 18 GeV 'C-ions. The irradiation of

the pure Pb-target with 18 GeV '’C is a reproduction of a series of preceding
experiments [5,8,10]. The small uranium samples on top of the moderator are

approx. 1 g depleted uranium oxide (0.42% 235U). After irradiation, the small

uranium samples were analyzed for their gamma activity, as already reported [10].

237

The observed B-values in reaction (1) leading to “'Np are shown in Fig.5 for

3.67 GeV protons, as well as for 18 GeV '2C irradiations. The results are well
within expectations, as they are similar to the results of [8,10]: the maximum
B-values are always about 5-10 cm downstream the entrance of the relativistic ion
into the metallic target. Table 3 presents the average B-values on the surface of
the moderator, observed for a variety of nuclear reactions. The results for
B(MOLa) were obtained with 1 g La-samples placed close to the U-samples on the
surface of the paraffin moderator.

All the observed B-values fit well (£ 10%) the known systematics [10,17].
The B-values for the reaction 3.67 GeV p + Pb are very close to those of the
reaction 3.0 GeV D + Pb, as the total energies of the incoming ions are apparently
very similar. The duplication experiment 18 GeV 2c +pb gives within their
experimental uncertainties the same B-values as the preceding one, only
B (239Np) is about 45 + 15% larger than reported earlier [10]. The increase of
yields for a uranium target as compared to a lead target for low-energy neutron
induced reactions is

(yield with U-target)
(yield with Pb—target)

1.7+ 0.2, 4)

a value similar to the one reported by Hilscher et al. [16] with 1.70 for relativistic
protons.



3 thin Al-foils

e i

O IR ——
=
ﬁ Pb-target 8 cm

Paraffin-moderator

l3|cm l

Fig.4a. Experimental setup for Pb-target. In addition to the U-samples shown, small La-samples were
also placed on the top of the moderator. Details are given in {10]

U-samples
3 Al-foils

N

Paraffin-moderator

— fm] ———

Fig.4b. Experimental setup for U(Pb)-target. In addition to the U-samples shown, small La-samples
are also added, as remarked in Fig.4a

Finally, it is interesting to compare our B(239Np) =(5.705)- 107 (Fig.5a),
as observed 10 cm off axis and 10 cm downstream from the entrance of 3.67 GeV
protons into the uranium target, with B({U(n, H) =T £ 1)- 10_4, as found by
Andriamonje et al. [17] in about the same geometrical position for 2.75 GeV
protons [2]. Details will be discussed later. This similarity is quite remarkable, as
the two uranium target setups are different. Complete model calculations for U-

7



Experiments with 3,67 GeV proton
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Fig.5a. B(**'Np) distribution in experiments with 3.67 GeV protons bombarding Pb- or
U(Pb)-target, shown in Fig.4
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Fig.5b. B(***Np) distribution in experiments with 18 GeV ’C bombarding a Pb- or
U(Pb)-target, shown in Fig.4



Table 3. Average B-values on the surface of the moderator (all uncertainties are * 15%)

Reaction 3.67 GeV p+Pb 3.67 GeV p+ U(Pb)** | 3.67 GeV p: U/Pb***
19 a(n, 7)'*La 6.04 - E—4 10.5-E-4 1.73
238U(n, Y)---239NP 293 . E4 448 - E-4 1.52
B8y(n, 207U 9.64 - E-6 11.5-E-6 1.19
B3Y(n, H*'se* 9.69 - E-5 14.3 - E-6 (.47
18 GeV *C+Pb 18 GeV '2C + U(Pb) 18 GeV '*C: UPb
i, 1) *La 1.24 -E-3 2.48 - E-3 2.00
By(n, ... 2 Np 6.88 - E-4 128 E-4 1.86
By, 27U 2.07 - E-5 262 E-5 1.26
Hy(n, HSr* 2.40 - E-5 4.16 - E-5 1.73

*This applies to depleted uranium with 0.42% *7U.
**The note U(Pb) stands for the uranium target shown in Fig.4b.
**+UJ/Pb gives the ratio for uranium to lead target.

- pren] ——

— 21

~ TParaffin-moderator | I T

\ Uranium foil

\ Uranium foil ( position 2}
( position 1)

Fig 6. Experimental setup for U-foils for IN-beam irradiations. (Foils are natural U, 50 pm thick, 3.6 cm
in diameter)

target setups have not yet been carried out. However, we studied simultaneously
also thin natural uranium foils of thickness 50 u and 3.6 cm in diameter irradiated
in front of and in the center of the uranium target, as shown in Fig.6. These thin
uranium foils were suitable for the gamma-spectrum analysis after their
irradiation. The observed B-values are given in Table 4.

As one would expect, this direct irradiation of uranium gives larger B-values
than on the surface of the paraffin moderator (Table 5). The ratios given therein
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Table 4. B-values for reaction products in natural uranium foils, irradiated IN-beam
(Fig.6) (uncertanties are +15%)

Experiment 3.67 GeV p + U(Pb) 18 GeV '’C+ U(Pb)
Nuclide position 1: O cm | position 2: 10 cm | position 1: 0 cm | position 2: 10 cm
x 107 x 107 x 107 x 107

9g, 0.789 1.40 1.62 3.14
95, 0916 1.48 1.82 3.42

1323, 0.663 1.07 1.33 2.40
13, 1.02 1.60 1.88 3.57

By 2.89 3.63 433 6.64

239Np 132 217 25.8 52.1

Table 5. Ratio of B-values as observed in thin uranium foils IN-beam (Fig. 6)
and compared to uranium samples exposed to secondary neutrons on the surface
of the paraffin moderator (Fig. 4b) (uncertainties are +15%)

Experiment 3.67 GeV p+ U(Pb) 18 GeV 2C + U(Pb)

Nuclide B (IN-beam pos. 1) | B (IN-beam pos. 2) | B (IN—beam pos. 1) | B (IN-beam pos. 2)
B (paraffin mod.) B (paraffin mod.) B (paraffin mod.) B (paraffin mod.)

29N 3.0 48 2.0 4.1
g 3.1 57 22 44
87y 25 2 16 25

*Normalized to natural uranium with 0.72% **°U.

range from 3 to 6 for low-energy neutron induced reactions and are around 25 for

high-energy neutrons, as observed for 238U(n, 2n)237U. This suggests a strong

focusing for the energy deposition into a relatively small volume during these
«electrical breeding» reactions. This may very well be one of the major
technological challenges during the construction of large-scale subcritical reactors.

The B-values for fission are a little larger IN-beam, as compared to B-values for

23’9Np-production in the same geometrical position. As this is, to our knowledge,

the first experimental description of several B-values in various geometrical
positions in «electrical breeding» experiments the rates
239
_ B(""Np (5)
B(U(n, M)
are given in Tables 6, 7.

As can be seen, the R-value are slightly lower with R = 0.95 + 0.05 for IN-
beam positions (Fig.6) as compared to 10 cm off-axis positions (Fig.4) with
R=1.10%0.10 for uranium sensors. (The results are normalized to natural
uranium with 0.72% 235U.) This is interesting, since one has a considerable high-
energy particle flux in the directly irradiated volume, which induces predomi-
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Table 6. Ratios of **U(n, 7) to 233U(n, /) for IN-beam natural U-foils (Fig. 6)
(uncertainties are +15%)

Experiment 3.67 GeV p + U(Pb) 18 GeV '2C + U(Pb)
Nuclide Yield* Rl(n, v/ N | RUn, V/ (0, N} | RUn. M)/ (n, N] | Rl(n. 1)/ (n, N]
position 1 position 2 position 1 position 2
(0 cm) (10 cm) (0 cm) (10 cm)
9lg, 0.0588 0.98 0.91 0.98 0.98
7+ 0.0598 0.86 0.88 - 0.85 0.92
1321, 0.0425 0.85 0.86 0.83 0.93
133 0.0661 0.85 0.90 091 0.95
Average
R 0.90 0.94 0.93 1.00

*From NEA Data Bank 12, Yssy-Les-Moulineaux, France, 1994. Yield (fission product) is the
fractional fission yield.

Table 7. Ratios of 238U(n, v) to B5U(n, ) for U-samples on the surface of the moderator
(Fig. 4) (uncertainties are +15%; depleted uranium with 0.42% 354 was used)

Experiment 37GeVp+Pb [ 3.7GeV p+UPb) | 18 GeV "2C+Pb | 18 GeV '°C + U(Pb)
Nuclide | Yield | R[(n, V) /(n, )] Ri(n. /(1. N] Rl(n, V) /(n, )} Rl(n,0)/(n, D]
9lgr | 0.0588 1.79 1.85 1.69 1.82
97 | 0.0598 175 1.89 172 179
1321, | 0.0425 2.17 227 2.08 2.03
133 0.0661 1.64 1.79 1.64 1.69
Average
R 1.82 1.92 1.75 1.82

nantly fission reactions in uranium. Nevertheless, the B(239Np)-values are quite
remarkable in all the geometrical positions studied. Such information is of some
practical importance for proliferation considerations, further details are given
in [18].

2.3. Neutron Fluences fD(n) in the Pb-Target Irradiated
with 3.67 GeV.-Protons: Measurements and Calculations

Finally, we are interested to estimate total neutron fluences ®(n) on various
surfaces of the Pb-target system irradiated with 3.67 GeV protons. This system is
of the largest practical importance and the most complete sets of model ‘calcula-
tions are available. We are aware of the fact that in this case we carry out a rather
crude approximation on the determination of neutron numbers. In order to

11



estimate the secondary neutron fluence ®(E) from empirical data, one has to use
equation (2) and modify it according to elementary conciderations:

B = ®(E)- N,.- o(n, V), (5a)

where N.,. is the number of target atoms in lg of the target [1/g]; O(E) is the

spectrum of neutrons per one incident 3.67 GeV proton;
O(E) = B/(NT- o(n, v)) (neutrons per one 3.67 GeV proton per cm2). (5b)

This equation holds strictly only for a monoenergetic neutron fluence and gives
the fluence ®(E) only for the surface for which B has been determined
experimentally.

In order to obtain 2 more realistic approximation, such as based on Egs.5a,b
for monoenergetic neutrons alone [10], the following must be considered carefully.

1) One calculates an energy-dependent neutron spectrum (E) for the total
surface of the paraffin moderator, O, . such as estimated with the LAHET code
for the reaction 3.67 GeV p+Pb (Fig.7a). The LAHET code is a high-energy
transport code using intranuclear cascades based on the Bertini model, followed
by the pre-equilibrium model and then by the Rutherford-Cameron—Cook—
Ignatyuk model, giving level densities. In addition, we used the DCM-CEM
model developed in Dubna on rather similar principles. The DCM-CEM code has
been used earlier [1,2]. Both codes (LAHET and DCM-CEM) give rather similar
results within £ 10% deviations.

it) The «effective» cross section O it V) is defined in the conventional

manner: E

! d)(hc(E) ' Gn. y(E) -dE

O, Y) = i E . (6)

I q)(he(E) -dE
El
This «effective» cross section is defined for an energy interval from E (lower

energy limit) to E, (upper energy limit). For this calculation one needs the

excitation function o, Y(E)' An example is given for the reaction l39La(n, y)MOLa
in Fig.7b.
iii) Using the known neutron energy spectrum D, (E) and the «effective»
cross section O 1, ¥), one can calculate a breeding rate B_,, as follows:
E
2
Boa = Ny ) [ @, (E)dE. ™
E

12



Neutron spectrum calculated with LAHET
(3,67 GeV proton + Pb )
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Fig.7a. The ncutron spectrum caleulated with LAHET for the surface of the moderator, 10 cm off
center
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Fig.7c. The calculated breeding rate B, (-10~) for '*°La. The cut at 23 eV is explained in the text
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As an example, B_ | is shown for the reaction 139La(n, Y)MOLa, starting from

(= OeVuptoE, = E(n), in Fig.7c. Its value is obviously increasing, but from a

practical point-of-view is nearly constant at E(n) > 23 eV, since neutrons with

larger energies do not contribute to B_; substantially. To find a practical cut in the

1

number of ‘neutrons contributing to B we choose arbitrarily a limit of

cal’
098, (10 MeV). The value is found at 10 MeV neutron energy. Only those
neutrons below this limit are considered contributing to breeding rates B. This
«cut» is also indicated in Figs.7a-c. The calculated B_, (10 MeV) = 1.5-107% s

considerably smaller than the observed breeding rate chp= 6.0+ 0.9)- 107

(Table 3). To compare experimental observations with calculated values, we
choose to present neutron fluences (Dcxp(E), or neutrons on the surface of the

moderator (per an incoming 3.67 GeV proton), rather than B-values. For this, one
must transform Eq. (7) as follows:

B._ -0
_ exp s

= . A% .
CDCXP NT' o "7 (per one 3.67 GeV proton) (8)

This experimental neutron number (Dexp(E) (on the surface of the moderator,
o) has been calculated for the same energy interval, for which 6_ (n, 7) has been

determined, as shown graphically in Figs.7a-c. The fission reactions o(n, f) and
the (n, 2n) reactions have been determined in an analogous manner. The results
are given in Table 8. As is seen, the experimental neutron fluence depends
strongly on the technique employed:

i) At low energy (E(") < 100 eV) all fluences are in the range 17+39. (The
exception of B(n, &) —» 128 neutrons is ignored at present.) This large variation of
<Dﬁxp(E) around 28 neutrons is not surprising, considering our quite approximaFe
method of calculating ®(E) from experimenatal breeding rates Bexp. Nevertheless,
all empirical CDCXP(E)-Values are substantially larger than the calculated neutron
fluences with & _(E) =8 + 1 low-energy neutrons. The reasons for this

discrepancy of a factor of about 3 are not known with certainty {1,2].

ii) The excess of experimental neutron fluences over calculated ones is

observed for all the sensors studied, up to about E(n) =15 MeV.

iii) Apparently, the neutron fluence increases quite rapidly inside the paraffin
moderator. Using the solid-state nuclear track detector (SSNTD) technique, one
observes 20 neutrons on the surface of the moderator, however, 120 neutrons only
3 cm inside the moderator. This effect has been observed earlier [19] and yet it

14



Table 8. Experimental and theoretical neutron fluences ® on the mantel surface
of the moderator (Fig. 4) for a Pb-target irradiated with 3.67 GeV proton
(the LAHET code was employed)

Nuclear reaction Energy o (n¥ | 4 (cm) q,cxp 2 >, ) method¥
range (b)

9 atn, 1)"*La 0-23 eV 7.2 9.4 ) 8.3 R
By ) PNp | 0-100eV | 136 9.4 17 9.0 R
350, ), fragm. 0-1 eV 560 100 20 7 SSNTD

560 7.0 120 - SSNTD

"a[U(n,j)...er 0-1eV 0.25 9.4 30 7.1 R

"yn, p.. Zr 0-tev 0.25 924 31 7.1 R
"y n, f)...' 2 Te 0-lev 0.18 94 25 7.1 R

P, 1)1 0-26 eV 10" 10.1 379 8.4 R
BTNp(n, v)*>*Np 0-11ev 173 10.1 29% 8.1 R

B(n, o) o-recoil thermal - 10.1 128% 73 SSNTD

CR-39 recoil p 0.3-3 MeV - 10.1 16 125 SSNTD

BBy, 2m%y 8-15 MeV 1.0 9.4 73 32 R

1)Perpendicular distance d from the beam center.

The uncertainty of the experimental neutron fluence is typically 15% based solely on the
uncertainty in Bexp.

3This neutron fluence was calculated with LAHET-code for the moderator surface at d = 10 cm.
YR — radiochemical sensor, SSNTD — solid-state nuclear track detector.

3The La-sensors had a larger volume than the U-sensors: 1.4 cm high in their vials as compared
to 0.5 cm for U-sensors. The La-results were properly corrected (i.e. a 20% increase was applied).

G)Proper correction due to their geometrical position on top of the moderator were carried out
(i.e. a 50% increase was applied).

DThe experimental value (Table 2) was used.

9This neutron number was obtained by a different method: the standard technique of determina-
tion of neutron numbers using this SSNTD technique was employed.

should be studied further, possibly using radiochemical sensors, as shown in the
Appendix.

Finally, it is interesting to compare the total neutron fluences @ for the
3.67 GeV p + Pb reaction with two different model calculations, as shown in
Table 9. The agreement in the calculated total neutron fluences between the two
model calculations is remarkable.

One should remember that the calculated fluences are not identical with the
total number of neutrons emitted from the lead target into the moderator mantel.
It is calculated with the DCM-CEM code that only 41 neutrons are generated in
the lead target; due to scattering of neutrons between lead and paraffin the

15



Table 9. Neutron fluence ¢ in a pure Pb-target (Fig.4a) as estimated using model calculations

Neutron fluence ®
Model on the outer mantel surface of | on the mantel surface of the Pb-
the moderator, 10 cm off axis target, 4 cm off axis
LAHET 34.3 neutrons per 3.67 GeV 105 neutrons per 3.67 GeV
proton (£(n) < 3.67 GeV) proton (E(n) < 3.67 GeV)
DCM-CEM 34.8 neutrons per 3.67 GeV
proton (E(n) < 10.5 MeV)

resulting effective fluence is 105 neutrons crossing the lead-paraffin boundary
surface. Our sensors measure actually the resulting effective fluence. The
observed large decrease of the neutron fluence by a calculated factor of 3 within
the 6 cm paraffin is in approximate agreement with the Dubna experiments and
comes, on the outer mantel surface of the moderator, close to 34 neutrons, as the
reflection of neutrons from the surrounding air into the moderator can be
neglected. This implies that approximately 17% of all the neutrons are absorbed
in the moderator.

4. COMMENTS ON OTHER RELATED EXPERIMENTS

C.Rubbia’s group of CERN carried out related experiments [17].

As has been mentioned in the preceding sections, the B(239Np) values at a
depth of 10 cm to the «center of cascade interactions» (the term defined in [17])
in this experiment (3.67 GeV p + U(Pb)) agree surprisingly well with B(U(n, f)) as
found during the interaction 2.75 GeV p + U [2]. This result is shown again in
Fig.8 taken from {17] (Fig.6) and modified so as to include also the experimental
results from this work. The decrease of B(239Np) with the «corrected distance» is
shown in Fig.8. (Details are given in [10].) The stronger decrease of B-values
observed in this experiment as compared to C.Rubbia’s experiment is a direct
consequence of the lower total uranium content of our entire system (3.4-1()3 gU
as compared to CERN’s 3.7-10° g U). The corresponding k-values are indicated (k
is the neutron multiplication factor).

Then there could be a problem with neutron yields in both experiments:

1) As shown earlier, we are having difficulties to understand our results within
well-accepted model calculations.

i1) The neutron balance of another experiment has been given by Calero et
al. [20]: ,

1) Assuming a calculated «cost» for the generation of 1 neutron in a uranium

target of 24+30 MeV, one can calculate that at most 41 neutrons are produced
with one 1 GeV proton.
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Fig.8. Reaction rates (i.c. fissions in [17] and (n, ) reactions in this paper) for uranium targets as a
function of the distance from the «center of cascades (see the text). In [17] the solid/liquid target system
extends to more than 0.7 m, in our experiment the paraffin moderator extends along the radius up to
0.1 m, afterwards onc has open air. The original of this figure can be found in [17] (without our results)

2) Rubbia’s experiment has a measured neutron multiplication factor
k =0.90 £ 0.01, consequently the total number of neutrons per a | GeV proton is
<41

ot~ | —k

< 410 neutrons.

3) The measured «energy amplification» is 30 £ 1, consequently a 1 GeV
proton generates 30 GeV «heat» through nuclear fission in this setup. As the
energy released in fission is about 200 MeV, one needs

150 fissions — 150 neutrons
in this case. Here the authors stop their evaluation [20].

4) We know from the present paper that 6(n, f), as compared to o(n, y) for

natural uranium, is 10 cm off axis in our system (this holds for 23E‘U-targets
alone):

S(n, V) = (1.1 £ 0.1) - 6(n, f) = 165 + 15 neutrons.
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In addition, we have for 235 an extra neutron absorption, o(n, ¥) = 0.26(n, f),
using again approximately 30 neutrons. This estimation is based on the

conservative assumption that Ogn, 1) = 0.20,(n, N for 235U, independent of the

neutron energy E. Altogether we have already used about 345 neutrons.

5) Only no more than 65 neutrons (< 15% of all the neutrons) are left for all
the other reaction channels within a large subcritical assembly of dimensions of
approximately lm3, in particular for the neutron absorption in water. This
relatively small loss of neutrons is not necessarily in contradiction to our
observations that about 17% of all the neutrons are lost in 6 cm paraffin, as
mentioned earlier.

iii) Last but not least, one may look at [17] from a more general point of
view. Recently, several authors have shown that there are some operational limits
for accelerator-driven subcritical nuclear systems [10,21]:

1) The input of the energy P, into the subsritical system is given by the beam

intensity [ and the proton energy Ep:

P,=IE, . 9

2) The production of the energy Pp due to fission of uranium nuclei

(Eg, = 200 MeV) inside the subcritical system is given by
E. -k In
fiss “eff ~ s
po=— =2 (10)
(1 -k )V

with & . being the «effective» neutron multiplication factor (k_; < 1 in subcritical
systems), v = 2.5, i.e. the neutron observed per fission event and nsp, the average

number of spallation neutrons produced within the entire target system per one
incident proton.

3) Consequently, the «energy amplification» (EA) of the entire system can be
calculated as follows:

P _ nsg.keff'Eﬁss an

F
EA = — .
P, v(l — keff)-Ep

When a system with a given Ep has a measured value for EA and kcff’ then the
value ng, can be determined uniquely.

For the CERN experiment one finds experimentally [17]
EA=302%1for | GeV <E <275 GeV,

k=090 001

This determines for 1 GeV protons in a unique manner
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nsp = (41.7 £ 1.3) neutrons/proton in uranium. (12)

This value agrees with the largest value for o <41, as suggested by Calero

et al. [20]. (In this case, the cost for the production of 1 neutron is 24 MeV, as
has already been mentioned.)

On the other hand, nSp has been determined via electronic counter-
experiments in lead targets:

ng, = 17 + 24 neutrons/proton in lead for 1 GeV protons

(Hilscher et al. [16]: 24 + 1 neutrons/proton; Vassilkov et al. [6]: 21.5 + 0.5 neu-
trons/proton; Zucker et al. [22]: 17.5 £ 0.3 neutrons/proton)). Replacing an
extended lead target with an extended uranium target leads to an increase in
secondary neutrons by 70%, as found by Hilscher (lit. cit.) and in this paper
experimentally, yielding

nSp = 29 = 41 neutrons/proton in uranium for | GeV protons. (13)

Comparing the two independent determinations of e, in uranium, one has

only small problems using the experimental results of Hilscher [16] with
e, = 35.3. However, there is a problem with the result of Zucker et al. [22] who

measured N = 17.5 £ 0.3. Such a low value generates difficulties: a value of

17.5 neutrons/proton measured by Zucker for (1 GeV p + Pb) would lead to
30 neutrons/proton for (1 GeV p + U). This gives in total only 300 neutrons —
not enough to use 150 neutrons for fission reactions and 195 neutrons for (n, y)
reactions in uranium.

A further difficulty is the observation by Zucker et al. [21] of a linear relation
obtained experimentally between e and Ep (Eq.11) in the proton energy interval

from 0.2 to 1.4 GeV. This leads to a constant energy amplification EA — in
contrast to the experimental observation [17], finding EA decreasing strongly
below 1 GeV proton energies. This shows that we have not reached understanding
of the neutronics in the subcritical systems under investigation. Further
experimental and theoretical work is needed. It is interesting to note that Voronko
et al. [23] have already suggested rather low energy costs for production of one
neutron in an extended Pb-target: 32 £ 5 MeV leading to about 19 MeV/neutron
in a large extended U-target.

5. CONCLUSIONS

The essential results of this study can be summarized as follows:
1) It is possible to transmute the long-lived fission product, 129], into stable
130xe via (n, Y) reactions using the «electrical breeding» method. However, a
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10 mA accelerator of 3.7 GeV protons will transmute only 10% of this nuclide
per year under the given experimental conditions. Higher proton intensities may
be needed.

2) It is possible to transmute the long-lived minor actinide, 237Np, into short-

lived 2%Pu via (n, Y) reactions using a 10 mA accelerator of 3.7 GeV protons:
approx. 30% of this nuclide are transmuted per month under the given geometrical
conditions.

3) Comparing massive Pb-targets 20 cm long with massive uranium targets
21 cm long, one observes approx. 70% larger secondary neutron fluxes in uranium
as compared to lead. This holds for 3.67 GeV protons, as well as for 18 GeV

12C. The fission and (n, v) transmutation rates within the directly irradiated
uranium target are substantial and about a factor of 3 larger than in a paraffin
moderator about 10 cm off axis.

4) In the estimations of total neutron fluences per 3.67 GeV protons using the
Pb-target one has a problem: preliminary estimations show the observed neutron
fluences are possibly up to a factor of 2-3 larger than the calculated neutron
fluences. We used the LAHET and DCM-CEM codes.

5) A related and somewhat similar experiment [17] using 2.75 GeV protons
on uranium gave rather similar results as compared to 3.67 GeV protons on
uranium in this paper, at least in close proximity to the «central part of
interactions» inside the extended uranium target. However, it was not possible to
understand both experiments from our theoretical point of view completely.
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APPENDIX: Simulation experiments on the neutron moderation
within the Pb-target used, employing a Pu-Be neutron source

The neutron moderation within the Pb-target used (Fig.4a) could be studied
experimentally using a mock-up Pb-target together with a 1.4-10" Bq Pu/Be

neutron source emitting 8.2-10% neutrons/s with an average energy of about
4 MeV. The Pb-target is shown in Fig.A-1. In this way, a direct calculation of the
neutron moderation was obtained together with a direct measurement of the
experimental B-value for La- and U-sensors for a given neutron source. The
radiochemical sensors (La, U) are the same as those used in the accelerator
exposures. The activation experiment lasted always about 24 hours. The data
analysis has been the same as during the accelerator experiments.

sight fomtop =~ Detail: U + La
/‘/ Paraffin-Moderator " LaCl,
| (le" =
P (913em)
",.’ - —
/'/ : :;‘\»\‘ .\,\»\ %
_ -~ [ Q ) > La- and U-samples
PuBe (8.147 10 nys) T e
(37132 Ci) 3.6cm
S
TO8cm T
<= ) 20cm C ~
sight from side
o i}
! Par. Pb Pb | Par.

La+U I

Y

Fig.A-1. Setup for the neutron-calibration experiment
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The results are given in Figs. A-2, A-3 and Table A-1. The experimental
B-values decrease quite drastically within the 6 cm paraffin moderator. This result
was also observed with solid-state nuclear track detectors (SSNTD) in a pre-
liminary manner during earlier Dubna experiments [10]. Considering that neutrons

are emitted spherically, one must multiply B-values by R (R being the distance
from the n-source to the sensor) in order to obtain a feeling how the total mea-
sured neutron fluence decreases with R. This result is also shown in Table A-1.

The values B-R* are fairly constant for 5 < R <9 cm, however they decrease
rather drastically towards the edge of the paraffin moderator. As we present here
only experimental results, we cannot determine to what extent «lack of reflection»
of neutrons at the edge of the moderator and/or simple neutron absorption in
hydrogen is responsible for this decrease. In any case, this neutron calibration
experiment confirms

i) the strong decrease of the neutron fluence in 6 cm paraffin within our target
system as calculated with the LAHET code (Table 9),

ii) the strong decrease of the experimental neutron fluence at R =7 + 10 cm,
as observed with SSNTD studying the fission fragment track density due to
235y (n, f) fragment (Table 8).

Finally, during the Dubna experiments one could determine B-values for

%2 and 239Np in sensors placed at R=94 cm. For the reaction
3.67 GeV p + Pb it was observed (Table 3) that

B(*%La) = (6.0 £ 0.9)-107%, (A-1)
B(**®Np) = 2.9+ 0.5)-107*. (A-2)

It is evident from Table 8 that about 30 + 10 thermal neutrons are inducing
those two reactions. Table A-1 gives the effect of converting 1 neutron into ob-

Table A-1. Experimental results of the neutron calculation

B (“OLay** B (PONp)** B (!*“La)
Dist: R* | Medi
1 (a:nc:): ediim expt:r.xlO’6 experR2x10'4 expcr.)(lO'6 exper.szlo-" B (239NP)
4.8 paraffin 108.5 25.0 42.1 9.7 2.58
58 - 104.0 350 34.1 11.5 3.05
73 —"— 79.7 425 26.8 143 2.97
83 - 60.2 41.5 204 14.1 295
9.3 —"— 204 17.6 10.6 9.2 1.92
10.8 air 6.5 7.8 — —

*Distance from center-axis to center of La- or U-sensor.
**All uncertainties are +13%.
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Fig.A-3. B-values for the neutron calibration experiment corrected for radius (abcissa in cm)

servable “%La- or 239Np—B—values: 20.4107° and 10.6:107° respectively. This
neutron calibration experiment gives accordingly

B('*%La) = (6 £ 2)-107%,
B**Np)= (3 + 1)-107™*
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The agreement between the two pairs of B-values indicates an internal consistency
of our measurements.
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Bpanar P. u ap. E1-97-349
TpaHcMyTalHs panvOaKTHBHLIX OTXOLOB HA AYYKAX PEISTHBHCTCKHX Alep

BrinoniHeHa cepHs 9KCIEPUMEHTOB Ha cHHXpodasoTpoHe JlabopaTopHM BBICOKHX
snepruil OUSAH ([dy6Ha) ¢ MCnONb30BaHHEM MPOTOHOB ¢ 3Hepruei 3,67 9B u agep 2C ¢
sHeprued 18 ['aB. OOnydeHsl ABe MaccHBHblE MHILIEHM M3 CBHHLA H €CTECTBEHHOI'O YpaHa,
OKDYXeHHbIe MapaHHOBBIM 3aMeJTUTENEM, HA TIOBEPXHOCTH KOTOPOro pasMetnanuch La- u
U-aKTHBaLIMOHHBIE OETEKTOPE! ¥ TBEPAOTESILHBIE IAEPHBIE TPEKOBBIE AeTeKTOPH. [l cBHHUO-
BOU MHIIEeHH ofe MEeTOAMKH HE3aBHCHMO 1TOKa3aIH, YTO MOBEPXHOCTD 3aMEATIUTENS NOKUAAIOT
0KOJIO 28 HH3KOSHEpreTHYECKMX HEHTPOHOB Ha ONMH IIPOTOH. TeopeTHyecKHe OLEHKH,
npoBefeHHsle Ha ocHoBe KommbloTepHblx nporpamm LAHET (Jloc-Anamoc) u DCM/CEM
(y6Ha), natot 60:1ee HU3KHeE 3HaYeHUs: 7-9 HeHTpoHOB ¢ sHeprueil MeHee 0,1 k3B npu obiwem
3HaueHuH 34-35 Heiftponos. [ogoGHad npob;iema 3aMedeHa B aHATOTMYHBIX 3KCIIEPUMEHTAX
8 LUIEPH. B xoxe nepsbIX 3KCIEPUMEHTOB HA My4Kax YCKOPHTESell BBICOKMX 3HEPIHH IO
TPaHCMYTALMKU JOJTOXHBYILIMX PaiHOaKTHBHbIX orxomos 291 (T, =1,57-107ner) n 23Np
(T, =2,14-106 net) no M3MEpeHHSM peakUdil PAQMALMOHHOTO 3axBaTa GBLTH ONpeie/TeHbl
ceyeHHs UX TpaHcMyTaluH, KoTtopble cocTamIsioT (10 +2) u (140 £30) 6 cooTBeTCTBEHHO.
IMony4yeHb! OLUEHKH CKOPOCTH TPAaHCMYTALMH 3THX DAIHOAKTHBHBIX OTXOIOB HAa YCKOpHTENE
npoTOHOB c 3Heprueit 3,67 IB.

PaGora seinosnneHa B JlaGopatopuu Beicokux aHepruit OUSIA.

Mpenpuut OGbeIHHEHHOTO HHCTHTYTA AlePHBIX Hccaenosaui. [lybua, 1997

Brandt R. et al. E1-97-349
Transmutation of Radioactive Waste with the Help of Relativistic Heavy lons

A series of experiments was carried out at the Synchrophasotron, LHE, JINR, Dubna,
using 3.67 GeV protons and 18 GeV '2C jon beams. Two massive lead and uranium targets
surrounded by paraffin moderator were irradiated. The outer surface of the moderator was
some small U- and La-sensors, to be studied by radiochemistry activation techniques, and
also by solid-state nuclear track detectors. Both experimental techniques independently give
approximately 28 low energy neutrons on the outer surface of the moderator per 3.67 GeV
proton hitting the Pb-target. Theoretical estimations based on LAHET and DCM/CEM
computer codes give considerable smaller fluences: approximately 7-9 low energy neutrons
(<0.1 keV) and 34-35 neutrons at all energies in the same geometrical positions. A similar
problem seems to appear in analogous experiments at CERN. In addition, long-lived
radioactive waste nuclides, such as 129y (T, = 1.57»107y) and 237Np T, = 2.14«1()6y) were
placed as well-sealed targets (approximately of 1 g each) into difterent geomeirical positions
during the 3.67 GeV proton irradiations. The short-lived transmutation products 130p
(Ty, = 12.4 h) and **Np (T, = 2.4 days), could be identified radiochemically as well as other
spallation products. The transmutation rates are substantial: a 10 mA accelerator of 3.67 GeV
protons could transmute at least 30% of 237Np and 1% of %I per month under the given
geometrical conditions.

The investigation has been performed at the Laboratory of High Energies, JINR.
Preprint of the Joint Institute for Nuclear Research. Dubna, 1997
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