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Abstract-Imegral neutron production "'vas measured by the manganese-aclivation Technique. ol1lC1rgets 
semiprototypic of spallation-neutron-driven trallsmUlatioll systems, afler irradiation by 400-MeV to 2.0
Ge V protons. The purpose of these e.>'jJerimems was to prm'ide data to benchmark Iluclear lrallsporl codes 
for uII'gets irradiated by protons in this ellergy range, as well as to el'aiuate design options to maximi;:.e the 
productioll qt spallation lIelllrollS in variOliS targets under consideration. These computer codes are llsed 
to design accelerator systems that lvill utiliz.e spallation neutrons for the generation of tritium, transmu
lation of nuclear lrvaste. production of radiois[)lOI'es, and otlzer sciellt{{ic investigations. Some of the 
tm:r:els used in this il1l'eSligalioll were semiprolOlypic of lhe proposed Accelera/or Producliol1 ofTrilium 
larget. Other rargets were included to provide da/a to test the computational models ill the codes. Total 
neutron production is the main factor thal determilles Ihe economics of transmutation for a particular 
accelerator design. Comparisons of the data reported here with ca/culaliolls ji'enn complller simulalions 
show agreement 10 Wilhill 15% over the entire ellergy region for most of the largels. 
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I. INTRODUCTION 

In recent years, several facilities have been proposed 
to utilize spallation neutrons. They include the Accelera
tor Production of Tritium (APT) in the United States and 
TRISPAL in France, the Accelerator Transmutation of 
Waste, the Advanced Fuel Cycle Initiative, and the Spall
ation Neutron Source. A key factor in the design of an 
accelerator-driven transmutation (ADT) system is the neu
tron production and transport in the target/blanket sys
tem. In these systems, the target is the material being 
irradiated by the proton beam th.at generates the spall
ation neutrons. A blanket generaHy surrounds the target 
and contains the material with which the neutrons inter
act. Nuclear transport codes such as the MCNPX code I 
and the LAHET code system1 (LCS), twoofthe computa
tional tools used in these designs. track the interactions of 
the incident particles along with any subsequent particles. 

In developing a transmutation system, it is impor
tant that data are obtained to benchmark the ability of 
these codes to predict the neutronics of the proposed 
target designs. Therefore, these experiments studied neu
tron production per incident proton in several assemblies 
with dimensions and compositions similar to likely can
didates for ADT targets. In the experiments reported in 
this paper, 400-MeV to 2-GeV protons were used to ir
radiate the spallation targets. 

This work extends earlier studies of spallation neu
tron production 3 by including a wider range of incident 
proton energy along with additio~al materials and target 
configurations. Four target materials were selected: lead, 
tungsten, iron. and lithium. Some target materials were 
arranged differently, such as solid versus split tungsten 
disks, and some targets had different diameters. Finally, 
the proton energy was varied for most targets. The mea
surements were carried out using the manganese
activation technique, so the measurements of neutron 
production are actually infelTed from the measured acti
vation of the manganese. The measurements of 56Mn 
production, uS.ed to infer the number of neutrons gener
ated per incident proton, are compared with calculations 
using the LCS-2.8.3/MCNP-4Band MCNPX-2.5.D (a 
beta test version of MCNPX) computer codes. Some of 
the measurements were made at the Los Alamos Neutron 
Science Center (LANSCE) accelerator at the Los Ala
mos National Laboratory (LANL), and the others were 
performed at the SATURNE accelerator at Commissa
riat al'Energie Atomique (CEA/Saclay). Frehaut et aL4 
made a detailed independent analysis of the experiments 
performed at SATURNE. 

II. EXPERIMENTAL PROCEDURE 

lI.A. Target/Moderator Systenl 

To faei !itate the study of these targets, a standard 
design was adopted that required that all the target as

semblies fit inside a 10-in. schedule-60 aluminum pipe, 
3.35 m long. This pipe could then be placed inside a lead 
blanket, of2.00-m length X 60-cm outside diameter. This 
blanket provided some neutron multiplication through 
(n, xn) reactions, which also shifted the neutron spectra 
to lower energies. The lower-energy neutron spectra re
sulted in lower leakage of neutrons from the system. 

In the manganese-acti vation technique, neutrons pro
duced in the target/blanket are moderated and captured 
in a large volume of water containing MnS04 in solu
tion. Calculations show that the capture etficiency of 
this system is >99% for neutrons <20 MeV. Approxi
mately 2% of the thermalized neutrons that are captured 
form 56Mn, which has a half-life of 2.5785 0.0006 h 
and emits an 846.812-keV gamma ray with a branching 
ratio of 98.9 0.3%. The thermal neutron capture cross 
section of manganese as well as those of the other mate
rials present (mainly aluminum, hydrogen, oxygen, car
bon, and lead or tungsten) is accurately known and does 
not contribute appreciably to the uncertainty of the com
puter simulations of the fraction of neutrons captured in 
the manganese. Most of the other thermal neutrons are 
captured in the hydrogen in the water. 

To use this technique, a water tank with dimensions 
of 2.5-m diameter and 3.0-m length surrounds the target/ 
blanket assembly as shown in Fig. I. The tank was con
structed in three sections for ease of handling. The upper 
section contained only water, so it could be drained and 
removed to permit opening of the blanket and changing 
of the target. The two lower sections contained a solu
tion of 1 to 2% MnSO..j.. While this an'angement com
promised the symmetry of the experiment, it was 
necessary to ensure that the target could be changed with
out spilling any water containing radioactive 56Mn. The 
total volume of the water in the upper tank was 5047 f, 
and the volume of the MnS04 solution in the two lower 
tanks was 9245 e. 

Calculations showed that most of the s6Mn is pro
duced near the target, so the MnS04 solution had to be 
mixed thoroughly before taking a sample for counting to 
determine the total s6Mn production accurately. Mixing 
was accomplished with a circulation system using two 
pumps, each of which removed water from the outer 
region of one section and injected it into the central re
gion of the other section through a pipe running the length 
of the tank. The system had a series of orifices designed 
to maximize mixing. A high-resolution germanium de
tector was mounted in a shielded box in contact with one 
of the circulation pipes ~3 m from the tank to monitor 
the s6Mn activity in the circulating water after an irradi
ation. This allowed verification that the water was com
pletely mixed by observing that the decrease in the aClivity 
in the line accurately tracked the half-life of 56Mn. 

Most of the experiments were conducted at the 
SATURNE accelerator at CEA/Saclay while the rest were 
conducted at the LANSCE accelerator at LANL. Proton 
beams at SATURNE could have energies up to 3 GeV 
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I. Photograph of the target/moderator system with the water storage tanks in the background. The upper section of the 
moderator tank has been removed to reveal the lead blanket resting in the lower two sections of the moderator tank. 

and intensities of about to 11 particles per spill. Proton 
beams exited the beamline through a thin stainless steel 
window and entered the target assembly after passing 
through 1 m of air. The LANSCE accelerator can pro
vide higher intensity, but the proton energy is limited to 
a maximum of 800 MeV. Details of the target blanket, 
and moderator assemblies are shown in Figs. 2, 3, and 4. 
As shown in Fig. 2, the blanket and moderator tanks 

contained tubes parallel to the direction of the proton 
beam at various radial positions to allow instal1ation of 
activation foils and 3He capsules to map the differential 
thermal neutron tlux and isotope production. These mea
surements will not be discussed in this paper. 

The set of targets used in these experiments in
cluded 10- and 25-cm-diam lead, 10- and J5-cm-diam 
tungsten. 25-cm-diam lithium (enriched in 7Li), and 

t...d Blanket eo :r; 200 em 

,.. "TIvough foJ" Foia. 

Lud T....". 25.120 em 

~Plug 

,'" IInSOt Sofutlon In 

Lower 2 Tenb 0C\Ily 


I..E.GEND 

III Lead 

o Polyethylene 

o 1%MnSO. 

Fig. 2. Cross section of the larget/moderator assembly showing the target tube with the solid lead target, the lead blanket 
surrounding the target. and the water moderator surrounding the target/blanket system. 
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a) 


b) 
~.....-

c) 
.~~~--------------~~~ 

Fig. 3. Schematic diagrams of the various target config
urations: (a) the solid tungsten target, (b) the separated tung
sten target, and (c) the lO-cm-diam targets (W, Pb, and Fe) 
without the lead blanket. 

lO-em-cliam iron. Most were solid with the exception of 
two of the three tungsten targets, which had spaces be
tween the tungsten disks (Le., the split geometry). The 
IO-cm-diam tungsten target was in a split arrangement. 
One of the 15-cm-diam tungsten targets had a split ge
ometry, while the other was solid. Those tungsten targets 
that were assembled in the split geometry were so ar
ranged in order to represent the proposed design of the 
APT spallation target that was to have gaps between its 
tungsten rod bundles to enhance neutron leakage from 
the target. The lead and tungsten targets were selected 
since they were candidate materials for the spallation 
targets in APT. The lithium and iron targets were chosen 
for validation of the computational models. 

Figure 2 illustrates the solid 25-cm lead target 
mounted in the tank with the lead blanket. Since this 
target had the simplest design and was the one studied 
the most, it was considered the base case, and many 
discussions refer to it as such. It was 1.2 m long (the 
stopping length for protons at 800 MeV is ~40 cm; at 
2 GeV it is ~ 1.2 m). The front of the lead target was 
20 cm upstream of the centerline of the system. Any 
additional lead behind the stopping length served to 
scatter and multiply the forward-moving high-energy 
neutrons produced in the primary interaction region. 
The region upstream of the lead was filled with a 25
cm-diam annular high-density polyethylene (HDPE) 
cylinder with a 10-cm-diam hole on center providing an 
entrance for the proton beam. Additionally, the down
stream end of the target pipe was blocked with a length 
of solid HDPE, 50 em long and 25 em in diameter. 

This backstop served as downstream shielding of high
energy neutrons and provided a mock continuation of 
the water bath surrounding the lead blanket. This 
target was i11'adiated by 0.4-, 0.8-, 1.6-, and 2.0-GeV 
protons. 

The 1O-cm-diam lead target was used to test the abil
ity of the codes to calculate the proper divergence of the 
beantthrough the target. To perfOlm this test, the lead 
blanket was removed from the tank, and the target was 
irradiated by 800-MeV and 2.0-GeV protons. For a com
plete comparison, the 25-cm-diam lead target was also 
irradiated with and without the lead blanket at these two 
energies. In effect, irradiations were performed on 10-, 
25-, and 60-cm-diam lead targets. The IO-em target, 
shown in Fig. 3c, was 1.40 m long, and most of it was 
mounted in a 4-in. aluminum tube that had ribs welded 
onto it to position it inside the 1 O-in. pipe. The last 25-cm 
length of this lead target was embedded in a 25-cm-diam 
cylinder of HDPE. This target was followed by 50 em of 
25-cm-diam HDPE. With this design, neutrons were gen
erated only in the target. Protons that might escape the 
target would only interact with low-Z materials (mostly 
water and aluminum). 

One of the I5-em-diam tungsten targets was solid 
(Fig. 3a). and the other was split (Fig. 3b). Both were 
mounted inside a 6-in. inside diameter X 0.25-in. walJ 
aluminum tube. Each tube had two nylatron rings around 
them to center them inside the IO-in. pipe. The solid 
tungsten target (Fig. 3a) consisted of 30 plates. each of 
which was 2.54 cm thick and was contained in tubing 
81.3 cm long. It was followed by a lead backstop, 25 em 
in diameter and 34.5 em in length. Finally, there was 
50 cm of 25-cm-diam HDPE. The upstream portion of 
the target was tilled with a 1.32-m length of HDPE cyl
inders with IO-cm-diam holes on center. The proton beam 
entered through this opening. This target was irradiated 
by 0.4-, 0.8-, 1.6-, and 2.0-GeV protons. 

The split tungsten target assembly (Fig. 3b) was ar
ranged in a configuration of nine plates: each plate was 
2.5 cm thick and was separated by a IO-cm air gap. The 
assembly was followed by a 25-cm-diam lead backstop 
1.19 m long and then by a solid 25-cm-diam HDPE back
stop 37.8 em long. The upstream area was tilled with the 
annular HDPE, 57.2 cm long. This target was irradiated 
by 0.8-, t.2-, 1.6-, and 2.0-GeV protons. 

The lithium target was 25 cm in diameter and 1.75 m 
long. It consisted of seven welded, thin-walled stainless 
steel cans filled with lithium enriched with 7Li. The 7U 
content averaged 97.88%, ranging from a low of97.78% 
to a high of 97.99%. In modeling this target for simula
tion, each can was explicitly modeled to represent the 
correct 7Li and 6Li content. The cylindrical wall of each 
can was 1.51 g/cm2 thick, and the faces were 1.73 g/cm 2 

thick. Since lithium is a low-Z material. 1.75 m of lithium 
is the stopping length for 400-MeV protons, so that was 
the only proton energy used with this target. This target 
included a 25-em-diam X 25-cm-long lead backstop 
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followed by a 25-cm-diam X 50-cm-long HDPE back
stop. The upstream annular HDPE was 50 cm long. 

The IO-cm-diam tungsten target was arranged in a 
split geometry. The first two plates were) cm thick, the 
second pair was 2 cm thick, and the third pair was 3 cm 
thick. Each plate was enc10sed in an aluminum can with 
a spacing of 15 cm between the cans. The plates were 
mounted in an 8-in. X 0.25-in. wall aluminum tube. The 
target was mounte~ on standoffs that fit into the 8-in. 
tube. This inner tube was filled with a 3He/H) mixture 
of 8.832 mol of 3He and 0.118 mol of H 2 • This target 
had a 25-cm-diam X 30.6-cm-Iong lead backstop. Water 
flowed in the gap between the 8-in. tube and the] O-in. 
pipe. Both tubes were welded at the two end plates. No 
HDPE was used in this target. 

The last target was a 10-cm-diam iron target. 1. 10m 
long and similar in design to the 10-cm-diam lead target 
of Fig. 3c. It had a backstop of 10-cm-diam X 30-cm-Iong 
lead encased in an HDPE cylinder 25 cm in diameter X 
25 em long. This was followed by a solid 25-cm-long 
HDPE cylinder and then a 25-cm-Iong lead backstop. 
The front annular HDPE was 1.10 m long. This target 
was irradiated without the lead blanket. 

The first two columns ofTable I show the test matrix 
of targets and proton energies. The MnS04 solution var-

NUCLEAR SCIENCE AND ENGINEERING VOL. 151 NOV. 2005 

~, Aluminum Tank 
3 Sections 

Schematic diagram of the target/moderator system with the solid tungsten target emphasizing the systems used for 

ied between sets of measurements, so its concentration is 
specifIed in column 3. The targets that were irradiated 
without the lead blanket are denoted by "without blan
ket." All other targets had the lead blanket and are de
noted by "with blanket:' Design studies using LCS and 
MCNPX indicated that for a system of this size, the max
imum neutron leakage from the moderator tank would 
be < 1% for most of the configurations that used the lead 
blanket. For those targets for which the lead blanket was 
not used. calculated neutron losses were in the 1.2 to 
5.0% range. 

Il.B. Beam Monitorillg 

Calculations showed that because the MnS04 solu
tion was only in the two lower sections, a 5-cm vertical 
displacement of the proton beam from the center of the 
target would cause a 15% change in 5°Mn production. 
Therefore, the proton beam had to be positioned accll
rately. This was accompJished by imaging the proton 
beam spot on the front face of the target. This imaging 
system is shown schematically in Fig. 4. The imaging 
system consisted of a chromium-doped aluminum-oxide 
phosphor, indexed and accurately mounted on the front 
of the target. A thin aluminized Mylar pellicle reflected 
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TABLE I 

Summary of the Experimentally Measured Values of 56Mn Production per Proton Including Default MCNPX and LCS Code Calculations* 

56Mn/p Ratio Ratio 
Proton 56Mn/p56Mn/p56Mn/p56Mn/p Experiment/ 
Energy 

Experiment, Experiment/ 
(p from 22Na(p from 24Na LCS from MCNPX 

Target 
fromWeighted UncertaintyMnS04 

(LBIP) (MBlP)MCNPX(%) LCS(wt%) measurements) Average(GeV) measuremen ts) 

0.052 0.960.048 1.043.80.0475 0.0500.05160.833Solid 25 cm lead with blanket 0.4 
0.177 0.97 

0.8<1 
1.000.1720.1694 0.171 3.30.17260.8330.8 

0.970.2110.205 1.004.30.2050.20460.994 
0.347 0.970.993.7 0.3370.3350.33331.647 0.33550.8 
0.846 1.011.040.8230.855 3.10.87661.647 0.83601.6 
0.548 1.051.083.3 0.5330.5760.5735 0.57962.0 0.833 

0.066 0.890.062 0.950.059 3.90.05451.647 0.05990.4Solid IS em tungsten with blanket 

o ~0.220 0.920.942.8 0.2160.2020.2064 0.19950.8 1.647 
0.970.5352.7 0.520 LOO0.5190.51560.52591.6 1.647 ;;t) 

a0.680 0.980.664 L010.669 3.20.65851.647 0.68372.0 ;J>z 
c z0.054 0.890.943.9 0.0510.0480.0483O.5h 0.822n Split 10 em tungsten with blanket 

~r 0.140 0.900.126 4.4 0.136 0.930.12550.994:-n 0.8a 

» r::. 
7J 0.920.820.341 0.3030.278 2.80.27860.27800.8 1.647SpHt 15 em tungsten with blanket (/l 

n 0.530 0.940.591 0.853.00.5103 0.5000.48421.2 1.647
rri 0.741 0.930.824 0.832.80.6880.6698 0.69781.6471.6z 
n 0.890.81 0.9462.8 1.0420.8482 0.8400.82391.6472.0CT1 
);>
Z 0.940.3600.347 0.970.337 3.00.33650.3388Solid 25 em lead without blanket 0.8 1.647 

0.880.91 1.0670.944 3.1 1.0380.9484 0.94102.0 1.647":r: 
Z 
o 0.852.9 0.87 0.3290.279 0.3200.27490.28591.647Solid 10 em lead without blanket 0.8
Z 0.760.874 0.78 0.8950.679 3.40.66951.6472.0 0.6879m 
:r: 
N 1.250.1200.122 1.230.150 10.40.14791.647 0.1520Solid 10 em iron without blanket 0.8Z o 0.850.0544.8 1.280.046 0.036O.4a 0.994 0.0458Solid 25 em lithium with blanket 

< *MCNPX default model for particle transport is the Bertini-ISABEL mode) with preequilibrium. 
~ aRef.3. 
'JI bRef.9. 

z 
Q 
IJ 

~ 
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the light from this phosphor into a lens system. onto a 
mirror, and then into a shielded camera system. This 
camera system contained a wavelength filter to help re
move stray light a gated image intensifier, and a charge
coupled-device (CCD) video camera. This system 
provided real-time observation of the size and position 
of the proton beam. The images were recorded to ana
lyze the intensity profile of the beam during the irradia
tion. The inset in Fig. 4 shows a typical beam spot. The 
index marks on the phosphor indicate j -cm increments. 
The image was displayed on a monitor in the control 
room to quickly correct any diffuse or dislocated beam 
spots. To minimize the effects of any dislocation of the 
beam, the initial beam tuning was carried out using beam 
intensities reduced by a factor of 100 and continued for 
less than ~5 min at the beginning of an ilTadiation. In 
all cases, the beam spot was maintained within 2 mm of 
the target center and focused to a diameter of <2 em 
full-width at half-maximum. Optical surveys before the 
experiment established that the axis of the target was on 
the axis of the proton beamline to within 2 mm. 

Figure 4 also shows the systems used to monitor the 
total number of protons incident on a target during an 
irradiation. The primary method employed a stack of 
three aluminum foils. for which activation cross sections 
are accurately known in the energy range between 400 
MeV and 2.0 GeV (Ref. 5). Secondary checks on the 
integrated proton tluence were made using other beam 
diagnostics. 

One involved using an integrating current trans
fonner (lCT) (Bergoz Model 122:70:5) that can respond 
to beam pulses as short as I ns and can produce an out
put pulse ....... 20 ns wide with a charge proportional to the 
charge of the beam. To use this technique, the radio
frequency (rf) power to the SATURNE accelerator was 
left on, which bunched the extracted beam into bunches 
-20 ns wide and 400 ns apart (depending on proton 
energy). The signal from the ICT for each bunch was 
amplified and gated into an integrate-and-hold circuit 
(Bergoz Model BCM-IHR). The integrated output was 
sampled by an analog-to-digital convertor at the end of 
each extraction and stored in a histogram as well as in an 
array of points for each accelerator cycle. The total charge
was detelmined by calculating the weighted sum of this 
histogram. Additional1y, if there were large fluctuations 
or interruptions in the beam, the measured aluminum 
and manganese activities could be corrected for the non
uniformity of the irradiation using the time-dependent 
data from the other array. The system was calibrated 
using the techniques described in Ref. 5. The deviation 
between the beam charge determined with the ICT and 
aluminum activation averaged 20%. This difference was 
attributed to the loss of beam signals from the leT clue to 
weak pulses and erratic extraction. 

For the last series of experiments on the separated 
tungsten target, a phosphor viewed by a photomultiplier 
tube was used. The signal from the photomultiplier was 
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integrated over each extraction cycle and again was stored 
in the same histogram and array as the ICT. The accel
erator rf was off, and extraction was continuous instead 
of bunched. At each energy, the measured proton tluence 
was corrected for the relative stopping power of the phos
phor material for protons. This system had no absolute 
calibration and served only as a relative measurement to 
compare to the aluminum activation measurements. 

/I.e Irradiation Procedure 

At the start of each experiment, a fresh stack of alu
minum foils was mounted in the beam in front of the 
target assembly, and the circulation pumps were started. 
The ICT or phosphor system and associated electronics 
were calibrated. The imaging system and the data acqui
sition computer for the current monitor system were en
abled. Low-intensity beam delivery was begun, and the 
time was recorded. As soon as the beam was on target, 
the operators observed the beam spot with the imaging 
system and adjusted the primary transport to center and 
focus it. The beam intensity was then increased to full 
intensity, and that time was recorded. A typical ilTadia
tion for the lead target lasted ~30 min at a time-averaged 
beam current of 50 nA. At the end of the irradiation, 
the time was recorded, and a series of short counts was 
begun with the gamma-ray detector on the circulation 
line. The circulation pumps were run for at least 45 min, 
and then two 50-ml samples of the MnS04 solution 
were extracted from the system and placed in poly
ethylene bottles to count their activity. The gamma-ray 
detector on the circulation line continued to operate in 
order to track the decay of the 56Mn. The measured ac
tivities were corrected for decay during and after the 
irradiation and scaled to the total volume of water in the 
moderator system to determine the total number of 56Mn 
atoms produced. The middle aluminum activation foil 
was removed from the stack, and its 14Na activity was 
measured to determine the total proton tluence on the 
target. 

As indicated in Table I, the MnS04 concentration 
was vai·ied from 0.82 to 1.65 wt%. These concentrations 
were very dilute solutions since MnS04 is -50% solu
ble in water at room temperature. In both this work and 
in Ref. 3, the MnS04 concentration was very stable, as 
confimled by chemical analysis at times separated by 
several months. Two independent determinations of the 
concentration were made. Chemical analyses had uncer
tainties of 1%. A second determination was made by 
weighing the MnS04 [the MnS04 was detennined by 
chemical analysis to have one water of hydration (0.998 ± 
O.OO1)J that was put into solution and using the total 
volume of water determined as described below. The 
agreement between the two measurements was within 
the estimated uncertainties, and the overall estimated 
uncertainty was 1%. For the dilute solutions used in 
this work. 56Mn production is a linear function of 
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concentration; therefore, the uncertainty in concentra
tion was included in the overall experimental uncertainty. 

Il.D. Detelminatioll of 56Mn Activity 

The MnS04 samples removed after the irradiation 
were counted with a gennanium detector. An efficiency 
curve for this detector was determined by a series of 
calibrated gamma-ray sources. However, the principal 
calibration in absolute activity was obtained using a cal
ibrated 5..JMn solution of nomina150-ml volume in a poly
ethylene bottle identical to those used for the 56Mn 
analyses. The gamma-ray energy from the decay of 54Mn 
is 835.826 keY, or only ~ 10 keY below the gamma-ray 
energy from the decay of 56Mn. The half-life of 54Mn is 
312.20 days, and it has a branching ratio of 99.975%. 
Therefore, the efficiency of the detector for a 50-ml so
lution containing 56Mn could be determined by directly 
comparing the counting rates to the calibrated source of 
54Mn. Only a small correction (~I%) was necessary to 
compensate for the difference in the efficiency of the 
detector for detecting gamma rays from 54Mn and 56Mn. 
This correction was made using a log-log interpolation 
of the measured efticiency curve. 

There were four parts to the uncertainty analysis of 
the 56Mn activity in the total system. First was the sta
tistical uncertainty in counting and in determining the 
peak area in the germanium detector measurement 
(~1%). Second was the uncertainty in the activity of 
the 54Mn calibration source (2% as certified by the CEA/ 
LMRI for source No. 4866/3). Third was the system
atic uncertainty in the ratio of the sample volume to 
that of the total water in the two lower sections of the 
tank containing the MnS04 solution. The sample vol
umes were detennined by weighing and had negligible 
uncertainty. The uncertainty of the volume of the total 
system was determined to 1% by measuring the volume 
of water removed from the holding tanks during the till 
operation. This was done by carefully measuring the 
difference in the height of the water before and after 
mling, along with careful measurements of the dimen
sions of the tanks at several different heights. Finally, 
there was the cOlTection for the residual activity in the 
MnS04 solution from the preceding ilTadiation. This 
correction was calculated using the activity measured 
for the preceding irradiation and the half-life of 56Mn 
and was usually small since the irradiations were at 
least 8 h apart. The uncertainty in this correction was 
estimated to be 5%. These uncertainties were squared 
and added in quadrature to yield an overall uncertainty 
in the total amount of 56Mn produced during an irradi
ation (see Table II). For the first set of measurements at 
SATURNE that included all the target contigurations 
except the split tungsten target, all of the MnS04 solu
tion samples were counted with a single detector. For 
the second set of measurements (on the split tungsten 

TABLE II 

Summary of the Various Factors Contributing to 
the Systematic Uncertainties of the Measurement 

Magnitude of Error 
Source of Error (%) 

Circulating water volume 1 
MnS04 concentration I 
56Mn counting efficiency 2 
Proton flucncc determination 2 to 3 
Background correction 5 (of background fraction) 
Tolal systematic uncertainty 3to4 

(without background) 

target), a second detector from LANL independently 
counted each sample. 

!I.E. Determination o.fTotal Proton Fluence 
Using Aluminum Activation 

The center foil was removed from each aluminum 
foil stack and counted to determine its activity. The up
stream and downstream foils served to ensure that the 
center foil was in equilibrium with the forward and back
ward recoiling spallation products. The aluminum foils 
were certified by the vendor to have purity >99.999%, 
and their dimensions were 10 cm square X 0.3 mm thick 
(~80 mg/cm 2 ). The dimensions of each foil were mea
sured to ±0.1 mm, and they were weighed to ± 1 mg 
(total mass ~8 g) to determine their areal density. The 
uniformity in the thickness of the foils was checked by 
measuring the foils at several points; uniformity was bet
terthan 1%. The determination of the aluminum foil thick
ness had an overall uncertainty estimated to be less than 
0.5%. 

The total proton fluence for each irradiation was cal
culated by counting two different activities in the alumi
num. The first was the 24Na activity that has a 14.9590-h 
half-life with a decay generating a 1368.598-keV gamma 
ray with a branching ratio of 100%. The center foil of 
each three-foil stack was counted using a germanium 
detector. The efficiency of the detector was detennined 
using calibrated 60eo sources since this gives two gamma 
rays with energies of 1173.237 and 1332.501 keY with 
branching ratios of 99.90 and 99.9824%, respectively. 
As with the 56Mn counting, the efficiency of the detector 
for the gamma rays from 24Na could be accurately ex
trapolated from that for the 60CO source since the energy 
difference is only 36 keY. The source-to-detector dis
tance was ~50 em, sutlicient to ensure that the effi
ciency for counting the 2-cm-diam activated spot was 
essentially the same as that for a point source. The total 
number of :'!4Na atoms produced by the irradiation was 
then determined by correcting the measured activity for 
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decay from the time at the end of irradiation and for 
decay during the irradiation. 

When the detectors were calibrated at CEA/Saclay, 
a 6OCO source supplied by CEA/Saclay was used. The 
efticiencies of the detectors were again measured at LANL 
with two different calibrated 60Co sources: the first an 
Amersham source (ID 2U 125) with a quoted uncertainty 
of 1.9% and the second an Amersham Mixed Radio
nuclide Standard (ID 2514QB) with a quoted uncer
tainty of 0.8%. The counting rates for these two standards 
agreed with the quoted activities to within 1 %. The mea
sured efficiencies as detennined at CEA/Saclay and 
LANL agreed to within the expected uncertainties. 

A second deterrnination of the incident proton tlu
ence was based on the 22Na activation in the center foil. 
Sodium-22 has a half-life of 2.602 yr and decays by 
positron emission with a branching ratio of 90.5%. This 
decay produces a 1 .275-MeV gamma ray with a branch
ing ratio of 99.96%. This assessment of activation used 
coincidence counting techniques with the foil between 
two Nal crystals. These measurements, done at LANL 
using exactly the same technique described in Ref. 6, 
were made ~ 1 yr after the irradiations. The stability of 
the counting system was verified periodically using a 
calibrated 22Na source (Amersham 1D lX967). 

The proton fluence was calculated from the thick
ness of the aluminum foil and the cross section for pro
duction of either 2..J.Na or 22Na at that particular proton 
energy. For the present analysis, the activation cross sec
tions were measured in a separate experimenL5 For the 
analysis in Ref. 4, existing evaluationso-8 were used. We 
note that for the 22Na activities. the same detector sys
tem was used in Ref. 6 for the cross-section detennina
tions. so that particular contribution to the systematic 
uncertainty in the cross section did not propagate into 
the uncertainty of the number of protons. However. that 
part of the uncertainty of the cross-section detennina
tion in Ref. 5 due to measuring the beam charge is in
cluded. For the analysis here and in Ref. 4, all conversions 
of count rates to integrated proton fluences were done 
independently. There are two parts to the uncertainty 
associated with determining the total number of protons. 
The first is a statistical part due to the counting statistics 
and areal determinations for a given foil; the second is a 
systematic part due to the detector system efficiencies 
(1 % for the 2-lNa and 2% for the 2::!Na) and activation 
cross sections (see Ref. 5). 

III. RESULTS 

The main purpose of this work was to provide ex
perimental data that could be used to validate the com
puter codes that are used for designing and analyzing 
accelerator-driven spallation systems. Several spallation 
targets. surrounded by a tank that was filled with a Mn
SO..J. solution, were irradiated by high-energy protons. 
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These interactions generated spallation neutrons that es
caped from the target/blanket system into the tank where 
they were absorbed in the manganese. For this work, the 
actual experimental measurement that was made was the 
acti vation of the manganese. The comparisons to the code 
calculations were intended to show how well the com
puter code simulations could predict this activation. The 
neutron flux and energy spectra available for activating 
the manganese depended on the target. the blanket, the 
proton energy, absorption, and other neutron interactions 
in the target and blanket. 

The various statistical and systematic uncertainties 
were propagated through the analysis and were com
bined at various points to yield the final uncertainty on 
the results. The statistical uncertainties from counting 
the various acti vities generally were < 1%. Additional 
systematic uncertainties mise from calibrating the counters 
used to measure the activation of the manganese and the 
aluminum, the uncertainty in the total volume of water 
in the system. the concentration of MnS04 in the solu
tion, and the cross sections for proton activation of the 
aluminum foils. The cross sections for activation of the 
manganese are well characterized, and their uncertain
ties were negligible. The quadratic combination of all 
these systematic uncertainties is estimated to be 3 to 4%. 
These systematic uncertainties and their sources are sum
marized in Table II. 

From the determination of the total number of 56Mn 
atoms produced and protons delivered. the number of 
:'ibMn atoms produced per incident proton is obtained 
(written as 56Mn/p). This was done in two ways: One 
used the total number of protons detemlined from the 
measured 2~Na activity, and the other used the total num
ber of protons from the measured 22Na activity. Table I 
lists the former and latter results in columns 4 and 5, 
respectively. In general, agreement between the two sets 
of data is good. The biggest discrepancy of 10% between 
the measured 56Mn production per proton from 24Na ac
ti vation and the measured 56Mn production per proton 
from ::!2Na activation occurred for the solid 25-cm lead 
target with the blanket at 400 MeV. This discrepancy is 
well outside the estimated uncertainties and is traceable 
to the aluminum activation measurements themselves. 
We note that where two aluminum activation measure
ments were made at a single proton energy and target, 
the result used for the ratios in Table I, column 6 is the 
error-weighted average of columns 4 and 5. The results 
in column 6 were then taken as the experimentally mea
sured quantities for comparison with the results calcu
lated with the LCS and MCNPX codes listed in columns 
8 and 10, respectively. 

IV. SIMULATIONS OF THE SYSTEM 

Herein are discussed the comparisons of the experi
mental results with the calculated results. The results of 
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the calculations of the experiments listed in Table I were 
performed using the default combinations of models for 
MCNPX as discussed in Ref. J. These results, denoted 
by the designation MBIP and LBIP as described below, 
are also shown in graphical form in Figs. 5 and 6. For the 
calculations in Table L the Bertini model was used for 
nucleons and pions. For other particles, the ISABEL 
model was used. The default calculations also used the 
preequilibrium model after the intranuclear cascade. 
The highest proton energy used in the experiments was 
2.0 GeV, well below the energy recommended for use of 
the FLUKA model, so it was never invoked. In MCNPX 
there are a total of 20 parametric options to choose from, 
some of which detennine energy ranges for the models. 
Therefore, the total number of combinations available 
for any particular study is almost limitless. In this work, 
default energy ranges for the models were used. For the 
analyses of the experiments, we invoked five different 
model combinations (at the suggestion of a reviewer) as 
discussed below. For neutron interactions below 20 MeV, 
the ENDFB-VI evaluations as distributed with the code 
were used (the .60c mes) wherever possible. 

Table III lists the results of a11 the experiments nor
malized by the calculated results of the tlve model vari
ations with both the LCS and MCNPX code systems, 
including the default or baseline calculations that were 
listed in Table I, columns 9 and 11. The results listed 
represent the ratios of the experimentally measured val
ues of 56Mn production per proton to the calculated val
ues for each of the ten code calculations, i.e., [(56Mn/ 
p)/1U'{/sltredJ -;- [(56Mn/p)CLllclIillfedJ. These ratios are refened 
to as the 56Mn/p ratios. An entry of unity would indicate 
perfect agreement between tile experimental results and 
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Fig. 5. Ratios of the experimentally measured values to 
the MCNPX-calculaled values of 50Mn production pcr proton 
using. the Bertini-ISABEL preequilibrium model options 
(MBIP). 
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Fig. 6. Ratios of the experimentally measured values to 
lhe LCS-calculated values of 5°Mn production per proton using 
the Bertini-ISABEL preequilibrium model options (LBIP). 

the calculations. The entries in Table III are posted with 
the acronym of the calculation that was used to nomlal
ize the indicated experimental datum. For instance, the 
entries for MBIP in column 3 indicate the measured val
ues for 56Mn/p production for the experiments in that 
column divided by the calculated results for 56Mn/p pro
duction, in this case with the MCNPX code (M), using 
the Bertini-ISABEL model option (BI), and the preequi
librium assumption (P); thus, the entries in this column 
are listed as MBIP. The MCNPX calculations are de
noted by M, the LCS calculations by L, the Bertini model 
by B, the ISABEL model by I, the Bertini-ISABEL mod
els (BI), and with or without the preequitibrium model 
assumption by P or N, respectively. Since the ISABEL 
model is not recommended for incident particles above 1 
GeV, no simulations were calculated with only the ISA
BEL option for experiments with proton energies >800 
MeV. Calculations with only the ISABEL model are listed 
without discussion (Table III, columns 7 and 12) 

An examination of the entries in Table III indicates 
several interesting trends in the 56Mn/p ratios just de
fined. The first observation to make is that the MBIP and 
MBP entries in columns 3 and 5 are virtually identical. 
The same goes for comparisons between LBIP and LBP, 
MBINand MBN, and LBIN and LBN. Furthennore, the 
MBIP/MBP and LBIP/LBP results are nearly identical 
and clearly superior to the other results. The MBIP/ 
MBP and LBIP/LBP results indicate that these calcula
tions on average overpredict the measured 56Mn/p 
production by 6 to 7% for the high-Z targets (lead and 
tungsten). These comparisons present no incentive to 
choose between the MBIP, MBP, LBIP, or LBP model 
options for high-Z targets: the results are the same for 
each within stated uncertainties. 
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TABLE III 


Ratios of the Experimentally Measured Values of 56Mn Production per PrOlon to the Calculated Values 

Using the MCNPX and LCS Codes and Five Particle Transport Model Variations'" 


Target 

Proton 
Energy 
(GeV) MBIP MBIN 

56Mn/p Ratio (Experiment/Calculation) 

MBP MBN MIP LBIP LBIN LBP LBN LIP 

Solid 25 em lead with blanket 0.4 
0.8 
0.8 
0.8 
1.6 
2.0 

0.96 
0.97 
0.97 
0.97 
1.01 
1.05 

0.91 
0.92 
0.93 
0.92 
0.98 
1.02 

0.97 
0.97 
0.97 
0.96 
1.01 
1.05 

0.91 
0.92 
0.93 
0.92 
0.98 
1.02 

1.00 
I'()] 

1.02 
1.01 

1.04 
1.00 
J .00 
0.99 
1.04 
1.08 

0.98 
0.95 
0.96 
0.95 
1.00 
1.04 

1.05 
1.00 
1.00 
0.99 
1.04 
1.08 

0.99 
0.95 
0.96 
0.95 
1.00 
1.04 

1.07 
1.04 
1.05 
1.04 
-

Solid 15 em tung&ten wilh blanket 0.4 
0.8 
1.6 
2.0 

0.89 
0.92 
0.97 
0.98 

0.87 
0.90 
0.95 
0.97 

0.90 
0.92 
0.97 
0.98 

0.87 
0.90 
0.95 
0.97 

0.93 
0.95 

-

0.95 
0.94 
1.00 
1.01 

0.91 
0.92 
0.98 
0.99 

0.96 
0.94 
1.00 
1.01 

0.9\ 
0.92 
0.98 
0.99 

0.98 
0.97 

-

Split 10 em tungMen with blanket 0.5 
0.8 

0.89 
0.90 

0.83 
0.86 

0.88 
0.90 

0.83 
0.86 

0.92 
0.96 

0.94 
0.93 

0.88 
0.89 

0.94 
0.92 

0.88 
0.89 

0.98 
0.98 

Split 15 em tungsten with hlanket 0.8 
1.2 
1.6 
2.0 

0.92 
0.94 
0.93 
0.89 

0.88 
0.91 
0.90 
0.86 

0.92 
0.94 
0.93 
0.89 

0.88 
0.91 
0.90 
0.86 

0.97 0.82 
0.85 
0.83 
0.81 

0.78 
0.82 
0.81 
0.78 

0.81 
0.85 
0.84 
0.81 

0.78 
0.82 
0.81 
0.78 

0.86 
- 
-

Solid 25 em lead without hlanket 0.8 
2.0 

0.94 
0.88 

0.87 
0.85 

0.94 
0.89 

0.87 
0.85 

1.00 
-

0.97 
0.91 

0.90 
0.87 

0.97 
0.91 

0.90 
0.87 

1.03 
-

Solid 10 em lead without blanket 0.8 
2.0 

0.85 
0.76 

0.78 
0.73 

0.85 
0.76 

0.78 
0.73 

0.93 0.87 
0.78 

0.80 
0.74 

0.87 
0.78 

0.80 
0.74 

0.96 
-

Solid 10 em iron without blanket 0.8 1.25 1.22 1.25 1.21 1.47 1.23 1.20 1.23 1.20 1.55 

Solid 25 em lithium with blanket OA 0.85 0.80 0.85 0.80 0.89 1.28 1.22 1.28 1.22 1.45 

*M, MCNPX code; L. LCS code; BIP. Bertini-ISABEL model with preequilibrium: BIN, Bertini-ISABEL rnodel ,>,:ithoUl preequi
librium; BP. Bertini model with preequilibrium; BN. Bertini model without preequilibrium; IP, ISABEL model with preequilibrium. 

For the Jow-Z targets (iron and lithium), the compar
isons in Table III are not as good as for the high-Z targets 
just discussed. The trends between the model variations 
are the same as described above for the high-Z compar
isons~ however. there is a peculiar difference between 
the LCS calculations and the MCNPX calculations. All 
the LCS calculations listed in Table III underpredict the 
measured 56Mn/p production (i.e., the 56Mn/p ratio is 
greater than unity) by 20 to 30%. However, the MCNPX 
calculations underpredict the iron data by as much as 
25% while they overpredict the lithium data by as much 
as 20%. Clearly, there is a need for more work related to 
low-Z targets, and the analyst is cautioned to consider 
these results when analyzing the neutron production with 
low-Z tan!ets. 

The 56Mn/p ratios for the solid 15-cm-diam tung
sten target are closer to unity than the 56Mn/p ratios for 
the split l5-cm-diam tungsten target. This comparison 
indicates that the codes are overpredicting the 56Mn /p 
production for both solid and split configurations: how
ever, the calculations are closer to the experimental data 
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for the solid configuration than for the spl it configura
tion. It appears that both codes slightly overpredict the 
neutron leakage for the split geometry in the gaps be
tween the segments of the target. Although this en
hanced neutron leakage was the intention of the split 
target design for the APT, care must be taken to account 
for this overprediction of the neutron leakage in order to 
accurately predict the neutron economy in the blanket 
region. 

The effects of target diameter on the 56Mn/p pro
duction were investigated by comparing the results from 
the 10-cm-diam lead target and the 25-cm-diam lead tar
get both with and without the lead blanket in place with 
800-MeV and 2.0-GeV protons. In effect, lead targets 
with three different diameters were tested: 10-cm diam
eter. 25-cm diameter, and 60-cm diameter (i.e., the 25
cm-diam lead target with the lead blanket). There is good 
agreement between the calculations and the measure
ments for the 60-cm-diam lead target. However, the 
agreement between the calculations and the measure
ments for the 25-cm-diam lead target is not as good, and 
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Fig. 7. Ratios of the experimentally measured values to 
the MCNPX-calculated values (with the MBIP model assump
tions) of 56Mn production per proton for three lead targets at 
800 MeV and 2.0 GeV: lO-cm-diam lead target without blan
ket, 25-cm-diam lead larget without blanket. and 2S-cm lead 
target with blanket (= 60-cm-diam lead). 

the agreement for the 10-cm-diam lead is worse. This 
trend is shown graphically in Fig. 7 for the three lead 
targets at both proton energies. The 56Mn/p ratio for the 
60-cm-diam lead target was approximately unity; the 
56Mn/p ratio for the 25-cm-diam target was ---0.9, and 
the 56Mn/p ratio for the IO-cm-diam lead target was 
~O.8. For the smaller-diameter targets, all of the calcu
lations resulted in values for the 56Mn/p production con
sistently higher than the measured values. The reasons 
for this discrepancy are complex and are not well under
stood at this time: any further discussion of the physical 
basis for these trends by the authors would be speculation. 

The comparisons just presented of the experimental 
data to the numerical simulations demonstrate the level 
of accuracy of the codes in predicting the total neutron 
production (as inferred through manganese activation per 
proton) over a range of target materials and configura
tions, and for a range of proton energies. The LCS and 
MCNPX code simulations using the MCNPX default 
model options (MBIP and LBIP) generally overpredict 
the measured manganese acti vation per proton for the 
high-Z targets (lead and tungsten) by 6 to 7%, whereas 
the simulations for the low-Z targets (lithium and iron) 

are not nearly as good. Low-Z targets warrant further 
investigation. 
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