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Abstract . Neutron and Triton Production by 800 MeV Protons: The experiments presented 
in this report were performed in support of the Accelerator Production of Tritium (APT) project at the Los 
Alamos Weapons Neutron Research (WNR) facility in order to provide data to benchmark and validate 
physics simulations used in the APT target/blanket design. An experimental apparatus was built that 
incorporated many of the features of the neutron source region of the 3 H e target/blaifcet. Those features 
included a tungsten neutron source, flux traps, neutron moderator, lead backstop, lead multiplying annulus, 
neutron absorbing blanket and a combination neutron de-coupler and tritium producmg gas (^He). The 
experiments were performed in two separate proton irradiations each with approximately 100 nA-hr of 800 
MeV protons. The first irradiation was made with a small neutron moderating blanket, allowing us to 
measure tritium production in the % e gas by sampling and counting the amount of nitium. The second 
irradiation was performed with a large neutron moderating blanket (light water with a \% manganese sulfate 
solution) that allowed us to measure both the tritium production in the central region aid the total neutron 
production. We did this by sampling and counting the tritium produced and by measuring the activation of 
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the manganese solution. Results of the three tritium production measurements show large disagreements 
with each other and therefore with the values predicted using the LAHET-MCNP code system.. The source 
of the discrepancies may lie with the sampling system or adsorption on the tungsten surfaces. We discuss 
tests that may resolve that issue. The data for the total neutron production measurement is much more 
consistent. Those results show excellent agreement between calculation and experiment. 

Radionuclide Production by Thick targets of Lead and Tungsten bombarded by 800 
MeV Protons: In order to maximize the amount of tritium produced in the APT system, stopping-length 
neutron-producing targets are required. Nuclear reactions within the target can then occur at any energy 
below that of the incident projectile. In addition, secondary charged particles and neutrons produced in the 
ensuing inter-nuclear cascade undergo further interaction within the target. Residual nuclei are therefore 
produced from many different nuclear reactions, many of which are radioactive. The quantity and activity of 
those nuclei is of importance when considering safety aspects of APT. This physical situation is not easily 
benchmarked with thin targets or monoenergetic particles. Experiments performed at Los Alamos used 800 
MeV protons to bombard thick targets of tungsten and lead with foils of the same materials placed on the 
incident beam axis and at positions extending radially outward. The experiments performed at the 
Brookhaven AGS facility bombarded thick targets of lead and tungsten with protons at energies of 0.84, 
1.00, and 1.42 GeV and used foils the same size at the target to determine radionuclide production. In each 
case, after irradiation, the foils were removed and counted to determine the activity and species of the 
residual nuclei. The results have provided a very large database with which to benchmark the computational 
tools. Computation of the radioactivity is done by complex LAHET-MCNP output to CINDER90, and 
decaying the radioactivity appropriately. As an example of the results, the data for tungsten targets for 
those nuclei of greatest significance in a BDBE event have ratios to calculation ranging from 0.48 to 0.85, 
indicating that estimates of radioactivity provided thus far have been conservative. 

Neutron and Triton Production by 800 MeV Protons 

1.0 Introduction 

One of two tritium-producing target/blanket designs under consideration in 
the Accelerator Production of Tritium (APT) program uses thermal 
neutron capture by contained ^He gas. The required neutrons are produced 
by 1000 MeV proton induced spallation reactions with heavy metal targets. 
A heavy water moderator is used to lower the average neutron energy to 
the thermal range where the cross section for tritium production by ^He is 
5300 barns. 

In the current ^He target/blanket design, as shown schematically in Figure 
1, protons pass through a double walled Inconel window and strike 
tungsten to produce high energy neutrons through the process of nuclear 
spallation. In the Rev. 0, pre-conceptual design, the tungsten is in the form 
of rod bundles inside inconel cans that are placed in rows along the length 
of a neutron source assembly (NSA). The NSA is surrounded by an 
annulus of lead, as well as a lead and zirconium backstop used to enhance 
neutron production from scattered protons and (n,xn) reactions. The 
entire assembly is surrounded by heavy water which serves as a moderator 
and coolant for the blanket components. The tungsten rod bundles are 
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cooled by heavy water that is contained in a separate cooling system. 
Helium-3 gas occupies the space surrounding the rod bundles of tungsten. 
This reduces the parasitic capture of neutrons in the tungsten and increases 
the tritium production efficiency. In addition, neutrons that escape into the 
surrounding moderator are absorbed in ^He gas that is circulated through 
aluminum tubes in the moderator. The tubes essentially "blanket" the 
neutron source and lead multiplier, and efficiently create tritium through 
neutron absorption in the 3He. About one-half of the tritium is produced 
by 3 He in the moderator region and the remainder by 3 He in a region 
surrounding the tungsten neutron source. 

Care has been taken in the design to make efficient use of the tungsten in 
the primary neutron source. Natural tungsten is a moderate neutron 
absorber that parasitically captures neutrons reducing the production of 
tritium. To reduce capture in tungsten, the rod bundles are spaced over a 
large volume to increase neutron leakage to the lead blanket and 
moderator. In addition, ^He gas, the tritium producing isotope, completely 
surrounds the rod bundles. Thus, any neutrons reflected back into the 
neutron source assembly are preferentially absorbed in the ^He. This 
innovative use of the ^He allows the use of tungsten as the primary neutron 
source, offering significant safety advantages because of it's high 
temperature capability. It is noted that in the design, the tungsten rod 
bundles are contained in Inconel ducts that hold the bundles of rods and 
their respective D2O coolant. The Inconel is therefore in contact with the 
3He gas, and not the tungsten. 

For the physics benchmark experiment, we have built a fractional goal 
apparatus that captures the essential features of the full goal design, but at a 
much smaller cost. The design includes the tungsten neutron source, the 
lead multiplier, the backstop, the neutrin de-coupler (3He gas), the 
moderator and the tritium producing target gas. 

Two irradiations were performed; the first with a lead annulus 
surrounding the tungsten neutron source, and the second with a lead 
annulus plus a large water annulus. The water contained a 1% manganese 
sulfate solution that was used to experimentally determine the neutron 
production through manganese activation. We simulated this experiment 
with our physics codes, and compared the calculated neutron production 
and tritium production values with experimental values. Taking into 
account the experimental uncertainties, the ratio of the 
calculated/experimental values provides a measure of our ability to predict 
neutron and tritium production for these types of systems. The lessons that 
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we learned in performing the experiment will be applied to the full scale 
experiment that will be performed at a later date. 

The experiment was performed at the Weapons Neutron Research (WNR) 
facility at Los Alamos National Laboratory during September and October 
of 1993 and took advantage of an Accelerator Transmutation of Waste 
(ATW) experiment conducted during the same time period at WNR. The 
apparatus, beam time, use of craft personnel, engineering support, data 
collection and physics support were provided by the ATW team. Without 
their help and support this experiment would not have been possible. 

Facility Description 

The experiments described in this report were performed at the Weapons 
Neutron Research (WNR) facility (Ref. 2) at Los Alamos National 
Laboratory. The WNR is a pulsed spallation neutron source that is used 
for basic and applied nuclear science research. At WNR, a portion of the 
Los Alamos Meson Physics Facility (LAMPF) 800 MeV proton beam is 
used either to bombard a heavy-metal target and produce an intense 
'white'-neutron source, or to irradiate samples in a separate external beam 
area. By varying the proton pulse structure, experimenters can perform 
neutron time-of-flight studies over an energy range from 100 keV to 800 
MeV. The proton beam itself can be delivered with energies from 113 to 
800 MeV. Figure 2 shows a drawing of the facility. The irradiations 
described in this report took place in the region labeled 'low-current target 
area'. 

Experimental Procedure 
TIP Experiment 

The apparatus for the experiment consisted of a simplified, low-power 
version of the APT neutron source with a surrounding light water blanket, 
placed on a stand in the center of Target-2. The neutron source and 
blanket were located inside a sealed aluminum tube that had a thin beam 
entrance window. Tungsten plates within the pipe were surrounded by a 
radial lead region and a lead backstop. The aluminum tube was filled with 
^He gas at about 3-ATM pressure. Tritium was produced in the ^He by 
neutron capture during proton bombardment of the tungsten plates and 
extracted for subsequent analysis. The schematic arrangement for this test 
is shown in Figure 3. 

The experiment involved bombarding the neutron source assembly with an 
800 MeV proton beam. Two separate irradiations were performed. Each 
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irradiation provided approximately 100 nA-hr of protons onto the 
assembly. This is equivalent to about 2x10*5 protons for each irradiation. 
The first irradiation was performed with the lead blanket only, and the 
second irradiation contained both the lead blanket and the water annulus. 
For both irradiations, pre and post test samplings of the ^He gas were 
taken. Most of the tritium was produced in the front section of the 
target/blanket. Therefore a circulation system was used to mix the gases in 
all but one of the tests. 

Because the results are directly proportional to the amount of gas sampled, 
calibrations were performed to check the measurement of the gas pressure 
in the test assembly. The pressure gauge came with a manufacturer 
specification. This specification was checked by opening the gauge to 
atmospheric pressure. The atmospheric pressure was obtained from the 
Laboratory standards group, compensated for the difference in altitude 
between the laboratory and the WNR facility. In addition, the gas pressure 
of one of the sample bottles was checked and found in agreement with a 
pressure gauge at the Tritium Systems Test Assembly facility, which is 
traceable to a NIST standard 

Samples of the 3 He, T, H gas mixture were taken both before and after 
irradiation and shipped to the Tritium Systems Test Assembly tritium 
counting facility for analysis. In the first measurement, identical samples 
were analyzed both by TSTA and the National Institute of Standards and 
Technology. Because the results were in excellent agreement, only 
analyses performed at TSTA were used in subsequent measurements. 

Because of the relatively low concentration of tritium in the ^He, the 
analytical method of choice for tritium analysis was to oxidize the ^H to 
water over copper oxide, collect the water directly into the scintillation 
cocktail and determining the ^H content by scintillation counting. 

nip Experiment 

In the total neutron production test, the irradiation setup consisted of both 
the lead annulus and a water moderator tank 2.5-m in diameter and 3.0-m 
long. The tank was constructed in three sections, with the upper section 
filled with light water only, and the bottom sections filled with a mixture 
of light water and 1 % MnS04. The schematic arrangement this test is 
shown in Figure 4. The three tank arrangement was necessary to 
accommodate rapid changes of the neutron source assembly for several 
different experiments without concern for spilling the water containing 
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activated Mn from the top section. Although the arrangement 
compromised the symmetry of the moderator, simulations indicated that 
careful positioning of the proton beam on the center of the neutron source 
eliminated any systematic error from that asymmetry. For that reason, a 
CCD video camera was used to image the beam spot produced on the front 
face of the target. That system allowed real-time observation of the beam 
size, position and intensity profile during the irradiation. 

Because most of the activated Mn was produced near the neutron source, 
the moderator in the lower two tanks was circulated to completely mix the 
water. A high-resolution germanium detector mounted in a shield viewed 
the mixture circulating in one of the tubes and determine when complete 
mixing had occurred by noting that the decrease in activity with time 
accurately tracked the decay of the activation product of interest, 5 6 Mn. 

For both experiments aluminum foil activation was used to determine the 
incident proton fluence. In the first irradiation, an integrating current 
transformer was also used to digitize the number of protons present in each 
pulse as well. The weighted integral of the resulting distribution allowed 
us to compute the total number of incident protons. The two methods 
agreed within 2%. Both before and after irradiation, samples were taken 
of the light water-MnS04 solution and subsequently counted to determine 
activities. 

Results and Conclusions 

The results from the tritium production measurements obtained from both 
the first and second irradiations are inconsistent. At the present time we 
postulate that this is due to losses in the tritium sampling system or 
adsorption on the tungsten surfaces. Measurements taken at different times 
following irradiation show a very large decrease, consistent with tritium 
loss within the experiment volume. 

Samples of the mixture of 3 He, H, and T from the neutron-producing 
region of the experiment were extracted and counted to determine the 
amount of tritium present. Of the three measurements performed, the 
calculated-to-measured values ranged from about 1.11 to 3.25 with a 
statistical error of 0.01 and a systematic error of 4%, with two 
measurements of the same gas taken at different times differing by more 
than 30%. This means that the T/p results for the ranged from about 90% 
of the predicted value to about 60% of the predicted value. We believe that 
such a large spread in the result indicates a problem with getting an 
accurate determination of the tritium produced, not with the physics. That 
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would mean that true value for the T/p test must be larger than has resulted 
from the measurement. If that is the case and there is a time-dependent 
loss mechanism for the tritium, such as adsorption by the tungsten plates, 
the highest value of T/p measured is in excellent agreement with the 
calculation. Unfortunately, the only way to be sure of that is a 
remeasurement under conditions that prevent tritium loss. 

We have submitted and defended a proposal to the Weapons Neutron 
Research Facility Neutron Program Advisory Committee for beam time to 
repeat the T/p test. For that test, new tungsten plates have been procured 
and encapsulated in vacuum-tight electron-beam welded aluminum 
containers to eliminate the possibility of tritium loss in the sintered 
tungsten. Secondly, spherical aluminum containers will be filled with 3He 
and welded closed before being placed between the aluminum-clad tungsten 
plates prior to irradiation. That step will eliminate the possibility that 
hydrocarbons such as oil on the surface of the lead backstop will absorb the 
tritium. In addition, this technique will give data on the amount and 
distribution of tritium produced between the tungsten plates. We therefore 
will get T/p data both from the gas in the spherical bottles and from the gas 
in the rest of the system. 

The results from the neutron production measurements were both 
internally consistent and in good agreement with prediction. 
The results, corrected for decay and scaled to the total volume of water in 
the moderator are given in Table 1. Also included in Table 1 are results 
for Accelerator Transmutation of Waste experiments for a solid lead target 
25-cm in diameter and 120-cm long. 

Table 1. Neutron/Proton Measurements and Calculations 

Target Energy 5 6 Mn/p 5 6 Mn/p n/p 
(MeV) (Exp.) (Calc.) (Calc.) 

Lead 800 0.2046±0.0089 0.204 22.2 
Tungsten 800 0.1255±0.0055 0.126 18.2 
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Radionuclide Production by Thick targets of Lead and Tungsten 
bombarded by 800 MeV Protons 

Introduction 

In order to maximize the amount of tritium produced in the APT system, 
stopping-length neutron-producing targets are generally used. Nuclear 
reactions within the target can then occur at any energy below that of the 
incident projectile. In addition, secondary charged particles and neutrons 
produced in the ensuing inter-nuclear cascade undergo further interaction 
within the target. The residual nuclei within the target are therefore 
produced from many different nuclear reactions. Because many of the 
residual nuclei are radioactive, their quantity and activity is of importance 
when considering safety aspects of APT. Further, computation of the 
nuclear processes involves coupling the output of LAHET and MCNP with 
CINDER90, a situation that is not easily benchmarked with thin targets or 
monoenergetic particles. 

In this report two sets of tests are reported. Experiments performed at 
Los Alamos used 800 MeV protons to bombard thick targets of tungsten 
and lead with foils of the same materials placed on the incident beam axis 
and at positions extending radially outward. The experiments performed at 
the Brookhaven Alternating Gradient Synchrotron (AGS) facility 
bombarded thick targets of lead and tungsten with protons at energies of 
0.84, 1.00, and 1.42 GeV and used foils the same size at the target to 
determine radionuclide production. In each case, after irradiation, the foils 
were removed and counted to determine the activity and species of the 
residual nuclei. 

Facility Description 

The experiments performed by Los Alamos used the experimental facility 
described earlier. The Brookhaven experiments took place at the (AGS). 
At the AGS, protons were first accelerated to 200 MeV in a linear 
accelerator and subsequently injected into a Booster accelerator in order to 
obtain the energies for the experiment. After exiting the Booster, the 
protons were allowed to drift through a part of the AGS before extraction 
into the beamline used in the experiment. 
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Experimental Procedure 

In each experiment, range-thick samples of lead or tungsten were struck by 
the proton beam to generate radionuclides in foils placed inside the targets. 
Figure 5 shows the arrangement used in the Los Alamos experiments. 
Figure 6 shows the Brookhaven arrangement. Because the LANL beam 
contained substantially more protons, it was possible to use small samples 
placed within a Lucite holder in an attempt to sample both the radial and 
longitudinal activity distributions. It was expected that on-axis samples 
would contain mainly events due to the spallation cascade; whereas off-axis 
events would be more sensitive to neutron events, thereby allowing a 
determination of which physics in the code was in error - the spallation 
reaction part, or the neutron capture part. 

In each experiment aluminum activation foils were used to determine the 
incident proton flux. In the BNL experiment additional foils were placed 
inside the assembly to measure the proton flux inside the target. 

After irradiation, foils were counted using high-resolution germanium 
detectors and spectra were recorded as a function of time after 
bombardment in order to be able to use half-life information as an aid in 
radionuclide determination during subsequent analysis. After appropriate 
corrections for self-attenuation in the foils and detector efficiency, specific 
isotopes were identified and their activities determined. 

Typical gamma-ray spectra from tungsten and lead foils are shown in 
Figures 7 and 8. 

Results and Conclusions 

In each experiment analysis of the samples is still underway. The LANL 
effort focused on determining the activity of axial samples of tungsten 
during the first half of the year and that of the lead during the second half. 
Off-axis sample analysis will be done during FY-1995. 

The results have thus far provided a very large database with which to 
benchmark the computational tools. As an example of the results, the data 
for tungsten targets for those nuclei of greatest significance in a BDBE 
event are shown below in Table 2. 
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Table 2. Comparison of Measured Yields of Observed BDBE 
Isotopes to LAHET-MCNP-CINDER90 Calculations 

Nucleus Position Nucl./cc/p 
(xlO-3) 

Ratio to 
CINDER90 

187W 

177W 

2A 5.6310.042 0.48310.019 
4A 3.7510.019 0.48410.019 
6A 2.2110.011 0.58810.025 
8A 1.0810.007 0.59610.020 

2A 4.0910.076 0.84910.044 
4A 0.2210.003 0.81610.021 
6A 0.4110.004 0.50610.025 

Those results have ratios to calculation ranging from 0.48 to 0.85, 
indicating that estimates of radioactivity provided thus far have been 
conservative. 

Another example of the results is shown in Figure 5, where the observed 
mass yield for on-axis foil position 2A is shown for the tungsten 
assembly. A histogram showing comparison between predicted and 
measured values for the data of Figure 9 is shown in Figure 10. There, 
the abscissa shows the number of identified nuclei and the ordinate shows 
the ratio of measured to calculated yields. The histogram is 
approximately Gaussian, centered on 1, with a width from 0.25 to 2.0. 
That indicated that the results for Foil position 2A are in good agreement 
with calculation, but that there are a few nuclei for which the code over 
or under predicts. For this foil, approximately 57% of the calculated 
yield was within a factor of two. In fact, the conclusion at this stage of 
analysis is that the calculations and data agree, on average, within a factor 
of two. 
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