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ABSTRACT

Radioactive Nuclear Beam (RNB) facilities are prof)osed or under
construction in North America, vJ'a.pa,n, Russia, and in Europe. The
front ends of these facilities are very similar to intense neutron spalla-
tion sources in that they require approximately 1 GeV, >100 pA proton
beams incident on thick high-Z targets, possibly including enriched ura-
nium. This paper will summarize some of the radiation transport mod-
elling problems and solutions encountered in the preconceptual design
of such a facility. Issues to be addressed include Monte Carlo and dis-
crete ordinates modelling of deep penetration shielding, target heating

- and residual mass yields. Comparisons are made betwéen empirical data
(Tsao and Silberberg), when available, and computer codes (FLUKA,
LAHET, TWODANT). Suggestions are made for further improvement

and development of existing models and experimental measurements.

This work was supported by the Director, Office of Energy Research Division of Nu-
clear Physics of the Office of High Energy and Nuclear Physics of the U. S. Department
of Energy under Contract DE-AC03-76SF00098 '



1. Introduction

Numerous conferences and workshops have drawn attention to the science and techni-
cal aspects of radioactive nuclear beam facilities [1-5]. There are current plans [6] for such
facilities, in North America (7], Japan, Russia, and in Europe [8]. The rapidly expanding
field of Radioactive Nuclear Beam (RNB) research offers the promise of new horizons in
such fields as nuclear structure, low-energy nuclear reactions, astrophysics, atomic physics
and materials science. Proposed future RNB facilities will be extremely flexible and ca-
pable of producing intense RNB’s ranging in mass from very light elements up to and
including uranium.

Recent work at LBL has centered around the ISOL (Isotope Separator On-Line) ap-
proach to producing RNB’s [9]. The conceptual plan details a primary accelerator directing
proton beams of 100-200 A and 500 to 1000 MeV energy onto a variety of thick targets. In
this respect, the IsoSpin Laboratory (ISL) will have many radiation-related challenges in
common with current and planned neutron spallation sources. However, several challenges
are unique to the ISL. For example, it is important in the design of the optimum target
to accurately predict the yields of radioactive isotopes which may be far from stability. It
will also be very important to determine heating profiles in the target to be able to prevent
radioactive species from condensing out in target cold pockets or structural failure of the
target due to overheating. The crucial difference between a neutron spallation source and
an ISL target is that the latter is open, i.e., it is designed to release radioactive products
with the highest possible efficiency. This paper summarizes ongoing work in three different
areas: deep penetration shielding necessitated by the high current primary proton beam,

calculation of target radioactive inventories and target heating.



2. Radiation Shielding

The high primary proton beam current (100-200 ©A) combined with ever-decreasing
dose rate criteria (100 mrem/2000 hr-yr at LBL) requires ISL shielding to provide atten-
uation factors on the order of 10'°. This presents a serious modelling problem, since to
transport one high-energy neutron through the shield would require following on the order
of 10!° histories, assuming each incident 1 GeV proton creates on the average one high-
energy neutron. Such simulations are unrealistic even using today’s supercomputers with
unbiased Monte Carlo codes. There are well known methods for estimating bulk shielding
at large angles in these energy ranges [10]; however, these methods understandably fail
at small angles and for relatively thin shields. Our goal was to be able to estimate bulk
shield thicknesses in the forward, as well as the lateral directions, and to be able to predict
doses at relatively close distances to the target. The doses were used to provide radiation

damage estimates for ISL components which must be in close proximity to the targets.

The solution employed was to couple the output of the LAHET Monte Carlo code [11],
after sufficient transport (see below) through the shield, to the ONEDANT [12] dis-
crete ordinates code for subsequent transport. The neutron multigroup cross-section set,
HILO(R1) [13], is used for the ONEDANT analyses. This cross-section set has an upper
‘neutron energy limit of 400 MeV. A possible solution for modelling neutrons created above
400 MeV is to place them in the last HILO(R1) group and weigh them by the ratio of their
real energy to the energy of the last HILO(R1) consistent with energy conservation. For
example, a 700 MeV neutron would be placed in the highest HILO(R1) group (375-400
MeV) and its weight would be increased to 1.81. Rather than introduce the uncertainty
associated with this ratio, the LAHET calculations were continued to a depth where con-
tributions from neutrons with energy greater than 400 MeV is negligible. The LAHET
output is then used as the input to the ONEDANT analyses. The thickness of ordinary
concrete necessary to satisfy the approximation of neglecting neutrons with energies above

400 MeV Wés determined to be about 2 meters.

The neutron spectra at 0° at various depths in the concrete shield from a 1 GeV proton
beam incident on a tantalum target are shown in Fig. 2.1. Target thickness is equal to
the range of a 1 GeV proton in tantalum. The distance from the target to the concrete

shielding is 1 m in all directions.
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Figure 2.1: Neutron fluence vs. neutron energy at 0° at various concrete
thicknesses for 1 GeV protons on a thick Ta target. LAHET/ONEDANT
coupling occurs at 2 meters of concrete. Neutron fluence has been nor-
malized by the log of the energy bin width. The distance from target to
shield is 1 m.

The nuclear interaction length in concrete, \;, is taken as 42 cm [14]. One can see
from Fig. 2.1 that an equilibrium spectrum of neutrons is obtained after a penetration of
~5Ar. At this thickness, only relative attenuation in the spectra occurs in the few highest
energy groups with all other energy groups in relative equilibrium.

The dose rate at 0° and 90° as a function of concrete thickness is shown in Fig. 2.2.
Dose conversion factors are taken from Belogorlov [15].

Fig. 2.3 shows the dose attenuation mean free path for thick concrete shields at 0° and
90° to the incident proton beam along with the high energy limiting value by Tesch [10].
The dose attenuation mean free paths after 7 meters of concrete are approximately 100
g/cm? and 94 g/cm? at 0° and 90°, respeétively. LAHET results are plotted from 0 to
2 meters and TWODANT results are plotted from 2 to 8 meters. LAHET analyses were

carried out to 3 meters to compare with the TWODANT results between 2 and 3 meters
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Figure 2.2: Neutron dose equivalent vs. concrete thickness at 0° and
90° for 1 GeV protons on a thick Ta target. The distance from target to
shield is 1 m.

and the results are indistinguishable. It should be noted that dose equivalent rates close
to the target and at large angles are highly dependent upon the target geometry.

Several parameters were varied in order to study the sensitivity on of the results,
including; LAHET neutron cutoff energy and ONEDANT order of angular quadrature.
None of these parameters had a significant effect on the overall dose results. Of particular
interest was the fact that the neutron energy cutoff from LAHET at 2 meters into the
concrete could be raised as high as 10-20 MeV,‘and following an additional 1 meter of
transport by ONEDANT, the equilibrium spectrum had re-established itself as previously |
determined with much lower LAHET cutoff energies.
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Figure 2.3: Neutron attenuation mean free path vs. concrete thickness
at 0° and 90° at various concrete thicknesses for 1 (GeV protons on a thick
Ta target. The high energy limit of 110 g/cm? is taken from Tesch [10].

3. Isotope Yields

The prediction of products in various targets is essential to any RNB facility. The
CERN ISOLDE facility has published [16] measured intensities of many radioactive beams,
however, these measurements involve several unknown factors in trying to relate these
results to target yields such as decay due to target holdup time and ionization and accel-
eration efficiencies. It is important to predict target yields not only because it is necessary
to predict the intensities of radioactive beams that can be delivered for experiments but
also from a safety/hazard point of view.

The importance of beam intensity estimates for experimenters is obvious. The major-
ity of the experiments at RNB facilities are beam intensity limited. Uncertainties in yields
of factors of 10 are common and are the difference between an experiment requiring 1 or
10 weeks of beam time. This is a significant factor in determining whether an experiment

is feasible.



The safety concern is not just activation analyses for the purposes of determining
residual dose rates, since this will clearly require remotely handled operation at the facil-
ity [17], but the requirement for more detailed isotope production analyses. A recent DOE
Order [18] determines the categorization, and hence the design, as a non-reactor nuclear
facility based “only on the quantities of radioactive materials in the faciiity. ” The DOE
Order has an appendix which lists, by isotope, threshold quantities for various categories
of the non-reactor nuclear faciii’cy classification. This DOE Order was written to allow a
graded approach in preparing the Safety Analysis Report of any facility, but it is unclear
whether such a graded approach can be used in the actual design and construction of a
non-reactor nuclear facility. The impact of having to meet many of the nuclear facility
standards is likely to be significant and costly. Spallation, fission, fragmentation, and to
some extent peripheral reactions are the processes for radioactive isotope production by
‘medium-energy proton beams incident on ISL targets. Spallation products are produced
over the entire range on nuclides but tend to be produced closer to the rﬂass of the tar-
get nucleus, with a corresponding buildup of low-mass fragments, and generally on the
proton rich side of the valley of stability because of the large multiplicity of evaporation
neutrons. Fission mass yields are highly dependent on the energy of the particle inducing
fission. Low-energy fission processes produce mass yield curves which resemble bivariate
, gaussiaﬁ distributions and are peaked in the mass ranges of ~90-100 and ~130-140 for a
2357 nucleus. Fast fission (>20 MeV) mass yields are more symmetric with equal proba-
- bility of producing fragments with masses between ~90 and ~140. Fission products are

~also pfeferentia.lly produced on the neutron rich side of the valley of stability. Fission is
- dominant in high-Z targets like UC and ThC, but is also important in other heavy targets
such as Pb and Bi. The net result is an efficient means of producing RNB’s on both sides

of the valley of B-stability and for all masses.

» An example of the isotopic intensities produced by a 600 MeV, 100 nA proton beam
incident on a 1 mole/cm? thick UC target is shown in Fig. 3.1. These yields were obtained
using a computer code that is based on the work of Silberberg and Tsao (see [19] and

references therein).

The Silberberg and Tsao predictions are based on a compilation of experimental data
combined with semi-empirical extrapolations in regions where data was not available and

do not include radioactive decay losses, secondary reactions, and feeding from radioactive
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Figure 3.1: Example of isotope intensities produced by a 600 MeV
100 uA proton beam incident on a 1 mole/cm? thick CaO target. This
figure is available via anonymous ftp at InterNet node 128.3.12.48 in color
PostScript format in /pub/ISL.

decays. To properly predict isotopic yields, several computer programs have been devel-
oped. A block diagram denoting these programs is shown in Fig. 3.2. Dashed lines indicate
missing programs or missing connections between programs. The LAHET Monte Carlo
program has been discussed previously and transports neutrons to 20 MeV. The MCNP
program handles the transport of neutrons below 20 MeV and gives neutron fluxes (®).
The TSAO program gives predicted yields based on experimental data and extrapolation
(“Semi-empirical”). “High” mass yields are the residual mass distributions given by LA-

HET which don’t include contributions from neutrons with energies lower than 20 MeV.
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"~ Figure 3.2: Schematic representation of programs for calculation of |
isotopic yields. The symbols and abbreviations are defined in the text.

“Cornplefe“ mass yields (including all neutrons) are currently not available. The program
DKCHAINMKR exfracts nuclear data from a database (half-life, ¢ 1; decay mode; branch-
ing ratios;letc.) and constructs decay chains, including alpha decay (a), electron capture
(¢), and beta-decay (8~). The final program, GROWTHDK, calculates the growth and
decay of each isotope not only during proton beam irradiation of the target, but also

during “cooling” times and gives calculated yields as a function of time.

Ideally one would like to be able to take the predicted residual mass yields from a
radiation transport code, like LAHET [11] or FLUKA92 [20] and use this as input to a
code system for buildup and decay calculations. However, there are several problems with
this method. First, simple buildup and decay calculations based on LAHET spallation
and fission residual masses do not include isotopes produced by neutron processes below
20 MeV. This may be adequate for medium and low Z materials but is not acceptable for

high Z materials.
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'Figure 3.3: Fission cross-sections vs. neutron energy for various isotopes
plotted using the 37 energy group structure of FLUKA92.

The fission cross-sections for 223U, 23’Np and ??°U [21] are shown in Fig. 3.3 and
indicate the importance of neutrons with energies as low as 1-2 MeV even for depleted
uranium targets. Second, the only single code known to us which may properly include
production processes for neutron energies below 20 MeV is the CINDER90 code [22], which
is not yet available for general use.

The design of enhanced fissioning targets in which moderators and reflectors surround
the target to thermalize neutrons and take advantage of the large fission cross-sections for
2357 for low energies is tantalizing. The neutron fluence in a bare 22°UC target and for a
moderated /reflected target as determined by the FLUKA tracklength estimator is shown
in Fig. 3.4. Gains in fission product RNB intensities by the use of enhanced fission térgets
are still being investigated.

The results of several independent calculations of isotope yields which may be im-
portant for the determination of DOE nuclear facility categorization {18] are shown in

Table 3.1, and includes the DOE Category threshold activity, ‘ORIHET’ estimates [23],

.t
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Figure 3.4: Target neutron fluence for a bare and moderated/reflected
uranium carbide (?*°U) target using the FLUKA tracklength estimator.
The moderated/reflected case surrounds the target with 5 cm water fol-
lowed by 10 cm graphite, respectively. Fluence has been normalized by
the log of the energy bin width.

LAHET calculations and Tsao and Silberberg calculations.The results assume a 100 pA,
600 MeV proton beam incident on a 1 mole/cm? (~20 cm long) 23°UC target and 7 days
of irradiation. Growth and decay calculations are included. ‘ORIHET’ gives an estimate
using results from the 30 kg 223U ISIS spallation source target at Rutherford Appleton
Laboratory scaled to the relative energy deposition in our ~1 kg target. This model is
based on the HETC/ORIHET model developed by Atchison [24].

LAHET calculations give the spallation and fast fission yields above 20 MeV. In
general, spallation product yields from LAHET and TSAO, such as #°Po or 123Sn, agree
within a factor of 2 to 3 with ORIHET, whereas a comparison of fission product yields
vary by factors of 2 to 10. This may be due to the additional fissions below 20 MeV and/or
the normalization of the ORIHET estimates to our target. Comparison between TSAO
and LAHET is surprisingly good since LAHET yields do not include contributions made
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Table 3.1: Radioactive inventory assuming a 100 A, 600 MeV proton
beam on 1 mole/cm? UC target and 7 days irradiation.

Nuclide Ty DOE Cat3 ORIHET 22U TSAO %%°UC LCS 25UC
(Ci) (Ci) (Ci) (Gi)
131y 8.04 d 0.92 650.00 81.5 51.1
1251 60.14 d 0.56 13.00 5.9 4.6
140p, 12.75 d 600.00 680.00 53.8 22.1
Mo 65.94 h 3400.00 2300.00 248.0 156.7
Oy 58.51 d 360.00 120.00 24.6 15.0
210p, 138.38 d 1.90 0.63 0.68 0.22
895y 50.53 d 340.00 93.00 27.3 16.8
S7r 64.02 d 700.00 180.00 17.9 12.2
144G 284.89 d -100.00 25.00 2.0 0.89
106py 373.59 d 100.00 17.00 3.2 2.0
1297¢ 33.6d 400.00 27.00 18.5 12.7
133x%e 5.24d 20000.00 940.00 112.9 75.0
90g, 29.1y 16.00 059 0.13 0.08
123gn 129.2d 320.00 10.00 4.1 4.2
137¢s 301y 60.00 1.00 0.08 0.04

by neutron reactions below 20 MeV. It should be noted that the predicted yields of the
fission product '*'I firmly establishes ISL as a Category 3 nuclear facility.

Table 3.2: Radioactive inventory assuming a 100 A, 600 MeV proton
beam on 1 mole/ cm? UC, La, Ta, and Pb targets and 7 days irradiation.

Nuclide DOE Cat3 TSAO 2°UC | TSAOPb | TSAO Ta TSAO La
Threshold (Ci) (Ci) (Ci) (Gi) (Ci)
1311 0.92 81.5 0.008 0.0001 0.25
1251 0.56 5.9 0.19 0.155 20.1
140, 600.00 53.8 0.003 0.0002 -
99Mo 3400.00 248.0 3.1 0.276 0.06
°ly 360.00 24.6 0.63 0.047 0.008
89gy 340.00 27.3 0.43 0.039 0.004
957, 7006.00 17.9 0.11 0.014 0.007
144, 100.00 2.0 3.5 x 107° 74 x107° -
106Ry 100.00 3.2 0.008 0.0011 0.0008
129Te 400.00 18.5 0.043 0.0001 0.03
133% e 20000.00 112.9 0.016 0.0005 1.7
90gr 16.00 0.13 0.001 0.0001 1.1x 10~°
123gn 320.00 4.1 0.003 0.0004 0.002
137¢s 60.00 0.08 1.2 x 1076 4.2 x 1078 0.0009
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A comparison of the isotopic yields of different high-Z targets using the TSAO model
is shown in Table 3.2. The results include corrections for buildup and decay. The relative

contributions of spallation yields and fission yields can be easily seen in Table 3.2.

For example, *3!I is the major contributor to the nuclear facility categorization 3 for
the UC target. It is an abundant fission product on the neutron rich side of the valley
of B-stability. **°I is less abundant because it is on the proton rich side and is a shielded
nucleus from 5~ decay. For the lower Z targets fission is less prominent and therefore
less !3'] is produced. However 2] production via spallation becomes more prominent,
particularly so for the La target. The UC and La targets produce '*I over the DOE
Category 3 activity limits by factors of ~90 and 36, respectively, while the Ta and Pb
targets are lower than the thresholds by about a factor of 3. The uncertainties in these
estimates may easily be factors of 2 to 3, and probably more for certain isotopes. The
isotopes identified in Table 3.1 and Table 3.2 were isotopes which were above 10% of the
DOE Category 3 threshold for the UC target only. Additional isotopes specific to each
target, which may be above Category 3 limits, have not yet been identified. |

The avefage time between targef changes at the ISL has been assumed to be about 1
week. Targets will be stored for approximateiy 1 year before disposal. '?°[ has a half-life
of 60.14 days, and therefore an inventory of greater than three Ta or Pb targets would
also establish the ISL as a DOE Category 3 nuclear facility. |

Table 3.3: Hazardous waste limit concentrations and estimates of haz-
ardous waste concentrations for various targets after 1 week irradiation
with 1 GeV 100 pA protons and no cooling time. 40CFR limits are based
on concentrations found in a leachate solution (see text).

Element 40CFR Limit TSAO-UC TSAO-Pb TSAO-La

(ppm) (ppm) (ppm) (ppm)

Arsenic 5 4.1 2.5 0.25

Barium 100 34.6 0.37 172.8
Cadmium 1 71.2 21.8 16.8
Chromium 5 13.9 1.7 0.17
Lead 5 6.9 Co- -
Mercury 02 11.9 167.0 -
Selenium 1 11.8 7.0 0.65
Silver 5 25.0 8.6 4.5
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Table 3.3 shows the Toxicity Characteristic Leachate Procedure (TCLP) limits for
elemental metals as taken from the Code of Federal Regulations [25], as well as estimates
of these elements using the TSAO program for UC, Pb, and La targets. The TCLP test
involves taking a 100 g sample which has been reduced to a size such that the pieces
will pass through a 9.5 mm sieve, and placing it for about 24 hrs in a 2 liter solution of
pH 3-5 acetic acid. The concentration found in the leachate solution is then compared
with the 40CFR limits shown in Table 3.3. If the concentrations are in excess of these
limits the material is defined as hazardous waste. If the material is also radioactive it is
defined as mixed-waste. The TSAO estimates in Table 3.3 are the concentrations predicted
in the target, not in the leachate solution. Determining the concentrations of various
target products in the leachate solution would involve detailed solubility mea.suremenfs or
ca.lcuiations which have not been made here. However, one can make several preliminary
conclusions: the UC target exceeds the limits, but UC is very insoluble and is not likely
to fail the TCLP test (i.e., become mixed-waste), a powdered La target would probably
completely dissolve resulting in concentrations which would be within a factor of 3 of the
TCLP limits. The uncertainty of these calculations is at least of this order, resulting in a
preliminary classification of a spent La target as mixed-waste. Lead itself is a hazardous
substance making a spent Pb target also mixed-waste. Disposal of highly radioactive -
mixed-waste is difficult, if not impossibie. The ISL community will have to work together
with the DOE to provide a solution for permanent storage of spent targets, especially if

further detailed calculations support the preliminary classification of mixed-waste.

4. Target Heating

The 100 pA, 600 MeV proton beam will deposit about 2/3rds of its energy non-
uniformly in a high-Z target whose thickness is about 1 mole/cm? ISL target temperature
profiles m{lst be kept uniform to prevent products from condensing in cold pockets thus
preventing their release from the target. Targets will be heated or cooled to achieve a
uniform temperature profile.

This requires detailed estimates of 3-dimensional power density profiles. A comparison

of the various energy deposition profiles as calculated with LAHET and FLUKA for a UC
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Figure 4.1: Energy deposition predictions in various radial bins by LA-
HET (points) and FLUKA (histograms) for 600 MeV protons incident on
a 20 cm long uranium carbide target.

(100% 23“”U) bare target is shown in Fig. 4.1. The agreement between LAHET and FLUKA
calculations is quite good for all radial intervals. Total energy deposition agrees within
1.2%. Comparisons of experimental data [26-27] with LAHET pfedictions [28] generally
show good agreement for léad and bismuth with larger discrepencies for the low-Z targets,
in particular the beryllium target. This will introduce some uncertainty in the performance
of low-Z ISL targets.

An example of a 3-dimensional thermal stress analysis with ANSYS [29], using results

from FLUKAS6! [30] is shown in Fig. 4.2. In this figure, the target is represented as the 4

inner concentric cylinders with heat transfer fins on the outside. The entire assembly fits

-1 This version of FLUKA did not include fission energy deposition.
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Figure 4.2: ANSYS analysis of thermal stress in a 20 cm long by 2 cm
diameter ISL tantalum target with special heat fin design using FLUKA86
power density estimates. A 61 A 800 MeV proton beam (¢=3 mm) is
assumed to be incident on the front face of the target.

within a water cooled outer fixture. Temperature profiles may be kept uniform (within
+10%) over the volume of the target by varying the thermal conductivity of the fins
(widths of fins) along the length of the target. Investigations are under way to examine

the possibility of He gas cooling of ISL targets.

>3
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5. Conclusions

Coupled Monte Carlo analyses and discrete ordinates analyses of shielding require-
ments of an ISL target in the lateral direction agree well with published simple models for
thicknesses greater than about 40 cm [10]. Shielding in the forward direction is compli-
cated by the relatively large number of cascade neutrons in thin shields. Simple models
could be developed for medium-energy proton machines (0.2 - few GeV) to provide shield-
ing estimates in the forward direction. However, such simple models would probably not
be valid for thicknesses less than approximately 1 m. Monte Carlo analyses would still be
needed for problems such as radiation damage estimates close to the targets.

Detailed estimates of induced activity produced in the targets are essential for at
least three reasons: First, the ISL must provide researchers with estimates of RNB’s that
can be delivered to experimehta,l stations. These inteﬁsities depend on many factors,
such as ionization and acceleration efficiencies, but are ultimately based on target yields.
Second, the classification of the ISL (or any high-intensity, medium proton energy facility)
as a “nonm-reactor, nuclear facility” depends sfrictly on the inventory of radioactivity.
Third, targets to be discarded must be characterized. This characterization also involves
estimates of thé concentration of hazardous materials prodﬁced in the targets. Targets
characterized as mixed-waste would be very difficult and expensive to discard. To date,
no single tool has been found to provide such estimates for the wide variety of ISL targets.
Models should be developed which can provide low-energy fission mass yields as well as
the higher-energy spallation/fission/fragmentation mass yields. For those programs that
do provide estimates from spallation/fast fission, little exists in the way of experimental
verification.

Estimates of energy deposition in ISL targets using two independent codes have been
made and agreement between codes is very good. There may have been earlier discrepen-
cies due to the treatment (or lack of treatment) of certain processes, like fission, but they
seem to have been eliminated. Comparisons with experimental data show some discrepen-

cies, particularly for low-Z targets [28].
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