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P E W O W E  OF THE LANSCE-WNR FACILITY 
AS AN I "SE  PULSED NEUTRON SOURCE 

FOR NEUTRON NUCLEAR PHYSICS 

A. F. Michaudon and S. A. Wender 

ABSTRACT 

The Los Alamos Meson Physics Facility (LAMPIF), which was 
built for medium-energy physics experiments, can also take 
advantage of its bee!m of 800-MeV hydrogen negative ions for the 
production of intense neutron beams. This is the reason why part of 
the LAMPF beam of hydrogen negative ions is now used for neutron 
production at the Weapons Nuclear Research (WNR) facility and at 
the Manuel Lujan, Jr. Neutron Scattering Center (LANSCE) in 
conjunction with a proton storage ring (PSR). This report focuses 
attention on the performance of the LANSCE-WNR facility for neutron 
nuclear physics from I eV to 800 MeV. Comparison is also made with 
the Oak Ridge Electron Lines  Accelerator (ORELA), which is another 
facility used essentially for neutron-nuclear physics. Whereas 
LANSGE and WNR provide higher neutron fluxes than ORELA at the 
lower and higher ends of the l -eV to 800-MeV energy range, 
respectively, the opposite situation prevails in the middle of this 
range, Proposals to upgrade LANSCE and WNR, using the same 
L A W F  beam, are put forward. If these proposals were implemented, 
the LANSCE-WNR facility would surpass all the other neutron- 
nuclear-physics facilities in the world by several orders of 
magnitude over the entire 1-eV to 800-MeV energy range. 

I. "RODUCTION 

Neutrons, unlike protons or electrons, can only be produced by 
meails of nuclear reactions. Spallation reactions induced by high- 
energy protons play a special role in the production of intense 
ncutaon beams because, for a given neutron output, they require less 
energy dissipation in  the target than other reactions. Thus, the Los 
A.larnos Meson Physics Facility (LAMPF),I which accelerates high- 
current proton beams up to 800 MeV and was initially built for 
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medium-energy physics experiments, can also be used for the 
production of intense neutron beams. For this reason, after the initial 
construction of L,AMPF, part of its beam of hydrogen negative ions 
(14-) was used for neutron production, first at the Weapons Nuclear 
Research (WNR) facility and then at the Manuel Lujan, Jr. Neutron 
Scattering Center (LANSCE) in conjunction with a proton storage ring 

The LANSCE-WNR facility2 is a very versatile, multipurpose, 
inltense pulsed neutron source. Most experiments are carried out at 
low energies (below 1 eV)  at LAMSCE in the field of condensed- 
matter physics. This report focuses attention only on the 
pcxformimce of LANSCE-WNR for neutron-nuclear physics above 
thermal neutron energies. This encompasses a wide energy range of 
about nine decades, from 1 eV to almost 800 MeV. 

A brief description of LAMPF, LANSCE, and WNR is first 
presented in this report together with that of the Oak Ridge Electron 
Linear Accelerator (QREL4A),3 which is another intense pulsed 
neutron source that uses neutron-producing reactions induced by an 
electron beam (Chapter 11). The principles of neutron time-of-flight 
("IF) spectroscopy are then summarized because this method is 
extensively used at LA.NSCE-WNR and ORELA for neutron nuclear 
physics (Chapter 111). These principles provide the background for 
calculations of the neutron flux as a function of energy produced at 
these facilities under different conditions of experimental resolution 
(Chapter IV). Some conclusions are drawn from these calculations, 
and proposals for improvements to the LANSCE-WNR facility are 
given (Chapter V). The interest in using a lead slowing-down 
spectrometer with the proton beam produced by the PSR is also 
discussed in Chapter V. Finally, a general conclusion is presented in 
Chapter VI. 

The information about these facilities, quoted and used in this 
report, is sometimes approximate because the few reliable figures 
available are not often given in publications. Sometimes, pieces of 
information were not consistent with one another and had to be 
slightly altered to obtain a consistent set of values. An additional 
complication results from facility modifications that were not 
a.d e qu a t e 1 y doc u me n t e d , 

The results obtained in this report should therefore be 
considered as a starting point for further studies. Any new 
information can easily be fed into the programs used for the 
calculations presented in Chapter IV. These results can thus be 
updated at any time, However, any future modifications should not 
greatly alter the conclusions of the present study. 

( f 'SR).  
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11. GENERAL DESCRIIYSION OF THE LANSCE, WNR, AND ORELA 
FACILITIES 

A.  Introdu c tion * 

This section starts with the description of LA,MPF, where a H- 
beam is accelerated to 800 MeV before i t  is used for neutron 
production. The extraction of this H- beam from LAMPF is then 
described together with its transport to LANSCE (with time 
compression in the PSR) and to WNR. The time structure of the 
charged-particle beam impinging on the targets is given for both 
facilities with a description of the target-moderator systems used for 
neutron production. Finally, the layout of the flight paths extending 
away from the targets is briefly sketched. For completeness, a similar 
description is also given for 0R.ELA. 

B .  LAMPF 
The LAMPF linear accelerator (linac) is a versatile machine that 

can accelerate, simultaneously or independently, pulsed beams of 
protons (H+) and negative hydrogen ions, whether unpolarized (H-) 
or polarized (P-), with various energies and time structures. Each 
pulse (described below) may consist of one of these three ion species, 
or of two of them, provided they have opposite charges. This means 
that beams of H- and P- cannot be accelerated together in the same 

The ion !;ource injection energy is 750 keV. Following the ion 
source, the beam is chopped and bunched into the phase acceptance 
of the linac. The beam is then accelerated to 100 MeV in the 62-m- 
long, 201-MHz drift-tube section. This section is followed by a side- 
coupled-cavity section, operating at 805 MHz, which produces the 
final acceleration of the beam whose energy can be varied from one 
pulse to the other with a maximum of 800 MeV. 

The maximum average current that can be obtained is 
approximately 1 mA for the proton beam. The current of the H- 
beam is limited to a lower value when it i s  accelerated 
simultaneously with 1 mA of proton beam. Both the LANSCE and the 
WNR targets use a H- beam of' 800 MeV. 

The time structure of the LAMPF beam presently consists of 
6:25-ys* pulses (called macropulses) at a repetition rate of 120 Hz. 
Etach macropulse is compose:d either of protons, associated or not 
with negative ions, or of negative ions alone. Within each macropulse 
are micropulses that are less than 100 ps wide. There are 

put1 se. 

now 825-ps (October 1990). * 
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approximately 108 to 2 x 108 protons in a micropulse; we shall 
assume lo8 protons per micropulse i n  the following. The smallest 
micropuke spacing is 5 ns, which corresponds to the basic frequency 
of the linac. This is the so-called unchopped beam mode, in contrast 
wi th  the chopped beam mode in which the separation between 
micropulses may be increased, as discussed below. 

The distribution of beam to the various LAMPF experimental 
areas is sketched in Fig. 1. Following acceleration, the protons are 
separated from the negative ions with a permanent magnet. The 
high-current proton beam is transported to area " A "  for pion 
production. The negative ions are transported either io line "D" 
where they are used to feed the neutron production sources (LANSCE 
and WNR) or to line "X" where they are used for medium-energy 
nuclear physics studies. A "switchyard" kicker magnet deflects the 
beam to line "D" when i t  is pulsed on. The negative ions go directly to 
line "X" when the "switchyard" kicker is not activated. Presently, this 
kicker magnet is limited to a maximum of 60 pulses per second with 
no adjacent pulses closer than 16.7 ms, but there is no fundamental 
limitation to upgrade this kicker magnet and to increase its pulse 
rate up to 120 pulses per second, if necessary. 

The LAMPF linac can accelerate successive macropulses of 
different energies (up to 800 MeV). Only 800-MeV macropulses can 
be transported to area "A," the PSR and the WNR, whereas line "X" 
can accommodate negative-ion macropulses of different energies at 
800 MeV and below, depend Ing on the experimental requirements. 
Another mode of operation, which involves proton beam energies 
below 800 MeV, is possible at the WNR but is not considered here. 
We describe below the most usual operation of LAMPF. 

The PSR uses H- unchopped macropulses at a rate of 20 Hz. No 
associated proton macropulses are transported to area "A" because of 
beam loading considerations. The distribution of the remaining 100 
H- macropulses per second between line "D" and line "X" depends on 
the energy used by line "X" and on the capability of the switchyard 
kicker . 

When line "X" is operated at 800 MeV, these 100 negative-ion 
macropulses per second are divided between the line "X" and the 
WNR by the "switchyard" kicker. The 100 proton macropulses per 
second that are associated with these negative-ion ones are 
transported to line "A," 

When line "X" is operated below 800 MeV ("off-energy" 
operation), the proton macropulses associated with line "X" negative- 
ion macropulses cannot be transported to area "A" because they have 
an energy different from 800 MeV. But the other H- macropulses of 
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800 MeV, not used by line "X," can be transported to WNR through 
thr: switchyard kicker. When 800-MeV-chopped H- macropulses are 
used by WNR, the associated proton macropulses can be transported 
to area "A". 

In all cases, the maximum macropulse rate now available to 
line 'ID" is 60 Hz, as limited by the switchyard kicker, In these 
conditions, the maximum macropulse rate left to WNR is 40 Hz when 
LANSCE is operated at its maximum rate of 20 Hz. This value of 40 Hz 
will be used in this paper, but it is known that it could be increased 
by an improvement of the switchyard kicker. 

1 ,  Beam transDm 
The LANSCE target area4 is designed for thermal and 

epithermal neutron production. When the Ring Injection Kicker is 
energized, the H- beam is injected in the PSR where it is stripped to a 
H +  beam and compressed in time. When the magnet is switched off, 
the beam is transported through the "bypass" beam line to the WNR 
target area. 

2. Time s@yGfslre of t he proto n beam 
For BSR operation, a 450-ps H- macropulse, containing 

micropulses spaced every 5 RS, is injected into the PSR. This 
macropulse is chopped at the injection end of the accelerator to 
produce a 90-ns gap every 360 ns (the circulation time for the beam 
in the PSR). The macropulse is wrapped around the PSR until at the 
end of the macropulse, the accumulated contents of the PSR is 
transported to the neutron-production target. 

Presently, the PSR produces pulses at a rate of 20 Hz. The 
shape of the proton burst ejected from the PSR is approximately an 
isosceles triangle,, with a bast: width of 250 ns. With these operating 
parameters, the average beam current to the LANSCE target is 
approximately 60 FA. * * 

3 TarFet-moderatgr System 
The LANSCE target4 has been designed to optimize thermal 

and epithermal neutron production and to reduce the contribution of 
high-energy neutrons. The spallation neutrons are produced 
following bombardment of two tungsten targets situated one after 
the other along the vertical proton beam coming from the PSR. These - 
**  now 80 (October 1990). 
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two tungsten targets have a diameter of 20 cm and a length of 7 cm 
(2'7 crn) for the upper (lower) target. They are separated by a 14-cm 
void, which is surrounded by moderators and reflectors. The 
reflector system consists of beryllium and nickel. The flight paths 
face the moderators, which are located at the level of the void region 
between these t w o  targets to minimize the transport of high-energy 
neutrons. The moderating material is water for those flight paths 
used for neutron-nuclear physics. The neutron-production target is 
surrounded by a cylindrical biological shield of 7 m in outer radius. 

4, Flipht D a h s  
Figure 2 shows the general layout of the LANSCE production 

target and its associated flight paths. The length of the flight paths 
de,dicated to nuclear physics ranges from approximately 7 to 5 5  m. 

1. Bern  t ranspm 
Those macropulses transported through line "D" and not 

injected into the PSR are transported to the WNR, with a maximum 
rate of 40 Hz, through the bypass beam line where they are stripped 
to H* before bombarding the WNR target (called target 4 in Fig. 1). 

2. Time structure of the ttroton beam 
For TOF experiments, it is necessary to have' widely spaced 

microbursts (see Chapter 111). 
In one mode of operation, the beam from the ion source is 

chopped into an approximately 20-11s pulse before injection into the 
accelerator. This 20-ns pulse, which contains approximately 3 x 108 
protons, is bunched into the phase acceptance of the linac. The time 
between such micropulses can be set in increments of 360 ns, but 
this increment can be modified if necessary (see Sec. V.D), Typical 
micropulse spacings are 1.8 ps. In this case, because the acceptance 
of the linac is only 20 xis per micropulse, only 20 ns per 1.8 ps (= 1 % )  
of the ion source is used, with each micropulse containing 3 x 108 
protons . 

In another operating mode, which is more useful for 
obtaining long proton burst widths, the buncher is not used. In this 
case, the proton beam consists of a train of micropulses (of lo8 
pretoos per micropulse) separated by 5 ns. The length of the pulse 
train depends on the chopper width, which is adjustable. The time 
between these pulse trains is adjustable in increments of 360 ns. 
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These beam conditions are shown graphically in Fig. 3. 

1 
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3 .  Tareet-moderator svstem 
The WNR target area is designed for high-energy neutron 

production from below 1 MeV to over 400 MeV. The neutrons are 
produced in  spallation reactions following bombardment of the target 
by the 800-MeV proton beam. The energy spectrum of neutrons is 
continuous, and the TOF technique is used to determine the energy of 
the incident neutron. 

The neutron-production target presently consists of a 
tungsten cylinder, 7 . 5  cm long and 3 cm in diameter, with a thin 
water-cooling jacket surrounding it. This target length corresponds to 
a 200-MeV loss of the incident proton beam. The shape of the 
neutroD spectrum depends on the angle of the neutron beam with 
respect to the proton beam. Greater intensities are obtained at 
forward angles. The neutron-production target is located inside a 2- 
m-diam, 1 -m-high vacuum chamber. This vacuum chamber is 
surrounded by a massive shield consisting of steel balls and 
magnetite concrete. The average density of this shielding material is 
approximately 5.6 g/crn3. Penetrations allow neutrons to go through 
the shield at angles of +, 90° ,  f: 30°, +, 15*, and 60”. These holes are 
closed with mechanical shutters that allow for independent control of 
each flight path. 

4. FliPht DathS 
Figure 4 shows the layout of the experimental yard. Table 1 

lists the characteristics of the various neutron flight paths that Ere 
available at the WNR. These flight paths are all above ground and 
have lengths ranging from 8 to 90 m. 

1. L inear acce llerator 
At ORELA, the neutrons are produced from bursts of 

electrpns that are first extracted from a cathode and preaccelerated 
by a 120-kV gun before they are fully accelerated in a traveling- 
wave linac. The radio frequency (rf) of this wave is frf = 1,300 MHz 
(in the so-called L-band), and the power is fed into the accelerating 
guide by four klystrons that provide a total peak power of 96 MW 
with a time average of 270 kW. After the electrons are injected in 
the accelerating guide by the gun, they are bunched in short 
micropulses, micropulses are then accelerated by the traveling 
electric field over a length of 16.5 rn to a maximum energy of 140 
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MeV. These micropulses are taken together over a time gate width 
A t b  set by the electron gun to form a burst. The linac operates in the 
"s,tored-energy" mode with an rf f i l l ing time of 1.85 s and a 
maximum electron De& current in the burst of 15 A. The average 
electron beam pow& cannot exceed 50 kW.3 

TABLE 1 

CHARACTERISTICS OF WNR FLIGHT PATHS 

Anglea 
(de gr e e s ) 

90" L 

30" L 

15" L 

15" R 

30" R. 

60° R 

90" R. 

Maximum 
Length 

( m >  Present Experimental Program 

1 0  (n,a), (n,p), ... reactions. 

4 0  High-resolution gamma-ray studies, 
total cross sections. 

9 0  High-energy (n,p) reaction studies. 

1 8  High-energy gamma rzys. 

4 0  Weapons-related detector studies. 
(To be implemented in FY 91). 

2 0  Fission physics. 

8 Facility neutron monitor. 
- 

&The angle is given relative to the direction of the incident 
proton beam. The letters L and R mean at the left or at the 
right of the traveling incident proton beam, respectively. 

2. Time structure of the electro n beam 
The electron beam of ORELA consists of a series of bursts 

having a time width A t b  and a repetition frequency f b ,  Each burst 
consists of microbursts having a time width of 70 ps separated by 
0.77 ns (Fig. 3). No further use is made of the fine structure of these 
microbursts after their acceleration. 
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The time width A t b  can be varied between 2 and 1,000 ns, 
but as a consequence of the "stored-energy'' mode of operation of the 
linac, no more energy can be fed into the electron bursts for time 
widths greater than 24 ns. Therefore, for TOF spectroscopy that 
requires short bursts (as explained in Chapter HI), only burst widths 
equal or shorter than 24 ns are considered. 

The peak power Pe (in joules per nanosecond) in the electron 
beam during a burst (averaged over the microstructure) is plotted as 
a function of the burst time width A t b  in Fig. 5. This graph is an 
adaptation of a curve supplied by Oak Ridge National Laboratory 
( O R M L ) , 5  modified between 12 ns and 24 ns to obtain a full energy of 
Jt, = 40 J at A t b  = 24 ns. Below about 4 ns, these results are probably 
not very reliable. FaciIitating the calculations required an 
approqimation of the power Pe as follows: 

47 1 1  x A t b  
for 24 ns > Atb > 12 ns; - 

1 4 4  ' Pe =z - 
Pe = 3, for 12 ns > Atb > 4 ns; and 

for 4 ns > Atb > 2 ns, 

where' Pe is expressed in joules per nanosecond, and A t b  is expressed 
in naposeconds. 

The repetition frequency f b  can be varied between 5 and 
1,000 'Hz, and the maximum average power of 50 kW is reached with 
24-ns ,bursts at fb = 1,000 Hz. 

_SVStem 
Two targets are possible at ORELA: a tantalum-water target, 

which' is  used most of the time, and a beryllium target, which is used 
occasionally for high-energy neu trons.6 

The tantalum-water target, which consists in a stack of 0.07- 
to 0.266-in.-thick tantalum plates, produces an intense beam of 
bremslstrahlung when bombarded by the electron beam. These 
gamma rays produce fast neutrons in the same tantalum plates via 
(y,n) /reactions, and the energy spectrum of these neutrons has a 
Maxwellian-type shape with a mean energy of about 1 MeV. The 
large power of the electron beam is dissipated in a small volume of 
th,e tantalum plates where it is removed by a flow of water 
circulating through these plates. At the same time, this water serves 
also to moderate most of the fast neutrons down to thermal and 



epithermal energies. Both the fast neutrons and the moderated 
neutrons can be used in TOF spectroscopy. 

For high-energy neutron production a large block of 
beryllium metal is preferred to the tantalum target because of its 
greater neutron yield at high energy. The neutron yield is also 
increased by inserting a thin tantalum converter in front of the 
beryllium block to more efficiently convert the electron beam energy 
in  to bremsstrahlung . 

In addition to the production of the neutrons, ORELA also 
ernits an intense burst of bremsstrahlung gamma rays (a gamma 
flash) at the time the electron beam hits the target. This parasitic 
gamma flash can create serious difficulties for some experiments (for 
example, when they are based on gamma-ray detection). 

4. FliFht uaths 
The neutron-producing target is surrounded by a concrete 

bunker for biological shielding. Several holes used for viewing this 
target from the detectors located outside the bunker are bored into 
this shielding, In total, the facility comprises 10 evacuated flight 
paths (most of them are underground) with 18 measurement 
stations. The maximum flight-path length is 200 m and the minimum 
length imposed by the bunker is 8.9 m.3 

A general layout of the ORELA facility is given in Fig. 6. 

F. Su mmary 
I t  is interesting to summarize the maximum intensity of the 

fast neutrons and the time structure of the charged-particle beams 
produced by these fadi t ies .  

The maximum average fast-neutron production rate is 

1014 neutrons s-1  at ORELA, at a full power of 50 kW, 
and  

1.25 x 105 x 108 x 40 x 15 = 7.5 x 1015 neutrons s-1 at 
W R .  (This production rate is based on the assumption, 
hypothetical at the present time, that the 625-ps 
macrobursts consist of 1.25 x 105 microbursts of 108 
protons each in the unbunched mode, at a repetition 
frequency of 40 Hz, and with a yield of 15 neutrons per 
incident proton. ) 

The maximum average fast-neutron production rate is 
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6.25 x 1018 x 60 x 10-6 x 15 = 5.6 x 1015 neutrons s - 1  at 
LANSCE. (This production rate assumes an average 
proton current of 60 p A  and a similar yield of 15 
neutrons per incident proton.) 

Therefore, LANSCE and WNR are clearly superior to ORELA by 
factors of 56 and 7 5 ,  respectively, as far as the average fast-neutron 
produotion rate is concerned, 

A neutron intensity as high as 1017 neutrons s - 1  would be 
obtained with the full  1-mA LAMPF beam, about 103 times more 
intense than that of ORELA. 

The time structure can be described, at least partially, by the 
duty cycles Dc averaged over any possible fine structure. They are 
quite different for these facilities: 

Dc = 103 x 24 x 10-9 = 2.4 x 10-5 for ORELA at the full 
power of 50 kW (24-11s bursts at f b  = 1,000 Hz), 

I D c  = 625 x 10-6  x 40 = 2.5% for WNR (625-9s 
macrobursts at 40 Hz), and 

Dc = 125 x 10-9 x 20 = 2.5 x 10-6 for LANSCE (125-ns 
proton bursts at 20 Hz). 

As we shdl  see later, the full beams of these facilities are not 
always utilized for neutron TOF, especially for WNR, which is not 
pireseatly operated at this high duty cycle and therefore at this high 
neutron intensity because of the requirements of the TOF method 
and also because of some technical limitations. If it were, the loading 
of the H- beam in the 1,AMPF linac would result in a reduction in the 
curreqt of the associated proton beam. But its future possible use is 
nevertheless considered in Sec. V.D. 

A low duty cycle is essential for a neutron TOF facility (see 
Chapter 111). This is the case of ORELA, which was initially 
constructed for that purpose. The situation for the LANSCE-WNR 
faciliry is entirely different. LAMPF was initially constructed for 
experiments requiring, on the contrary, a high duty cycle. Therefore, 
though LAMPF has a higher neutron output than ORELA, it is 
penalized by its time structure, as discussed below. The situation was 
greatly improved by the construction of a PSR for LANSCE, which led 
to a low duty cycle, but this low duty cycle is matched to low-energy 
work by having a low repetition frequency and a broad proton pulse. 
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W R ,  in the absence of' a time-compression device, can improve its 
time structure by using only some of the microbursts and throwing 
away the other ones at the expense of average intensity. The 
coinsequenc es of these properties will be examined below. 

ID, FZJPSDAMENTALS OF NEUTRON TIME-OF-FLIGHT SPECTROSCOPY 

A.  Introduaion 
The neutron TOF method requires the use of a pulsed neutron 

source with a neutron energy spectrum that can be either 
monoenergetic or broadband as provided by the white neutron 
sources described above. In the latter case, the incident neutron 
eaergy is determined by the time it takes the neutron to traverse the 
distance (or flight-path length) between the neutron source and the 
detector. As explained below, the neutron TOF method is more 
efficient if the neutron source delivers neutron bursts as intense and 
short as possible. The repetition frequency of the neutron bursts 
milst be as high as possible: to increase the detector count rate, 
provided that the overlap at the detector position between neutrons 
of diEferent bursts remains at a low level. Different methods 
(discussed in Chapter IV) can be used to reduce the effect of this 
neutron overlap. 

B ,  Basic fQrmulaS 
The neutron TOFT can be derived from the basic relation 

between the kinetic energy En and the momentum Pn of the neutron. 
Because the energy range being considered is quite wide and covers 
energies that are not negligible compared with the neutron rest-mass 
energy Mnc', a relativistic treatment is necessary. This exact 
relativistic treatment is given in Appendix A and was used in the 
calculitions. But the classical nonrelativistic expressions given in this 
sectiad are accurate enough for the following discussions and will be 
used for that purpose unless stated otherwise. 

From the expression 
2 

Pn  
E n = = ,  

one obtains 
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where tn  is the neutron TOF over a distance L, vn is the neutron 
ve:locity, and c is the velocity of light. 

The energy spread A E n  associated with a time spread A t n  is 
obtained by differentiating both sides of Eq, 3. One then obtains 

is in microseconds per meter. A t n  
L where AEn and En are in eV, and 

This expression shows that the energy spread bEn at a given 

energy En depends only on the ratio R = (y)* called the nominal 
resolution, which is generally used to define the resolution of a 
neutron TOF spectrometer. 

If the neutron emission at the source at a given energy En is 
N b ( E n )  n/b/eV/sr (neutrons per burst, per eV, and per steradian), 
then the neutron flux (bn at the detector position is 

A tn  

where L is expressed in meters and f b  is the number of bursts per 
second . 

For a given nominal resolution R, the neutron flux is therefore 
given by the following expression: 

x f b  1, which and is deternriiried entirely by the quantity A = 

shows why short bursts are: important for obtaining high neutron 
fluxes. 

The exact gain in using short bursts depends on the variations 
of Nb and fb  with Atn. There are no general rules and these variations 
have to be studied case by case, Also the time resolution A t n  is a 
combination of the charged-particle burst time width A t b  and the 
neutron time spread A t t m  in  the target-moderator system as 
discussed in Sec. 1II.C. The neutron production Nb varies with Atb  in 
a way that depends on the accelerator and on the value for Atb .  The 
variation of Nb with A t n  is even more complicated. The repetition 
frequency fb  is also influenced by the choice of Atn, because for a 

[ ( & d 2  
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given nominal resolution R,  any  change in A t n  is automatically 
reflected in a similar change in L. In favorable cases, such as at low 
energy, f b  varies as lL, i.e., as ( l / A t t n ) ,  until i t  reaches the maximum 
repetition frequency of the accelerator (see Sec. 1V.C). In most cases, 

the quantity A = [ N b x f b ]  - increases with decreasing A t n ,  at best as 

rapidly as ( 1 / ~ t ~ ) 3 .  
In  addition to an increased neutron flux, the use of shorter 

bursts leads to shorter flight paths and hence to a smaller size, a 
reduced cost, and an easier use of the TOF facility. 

'Therefore, the best neutron source for high-resolution TOF 
spectroscopy should provide very intense and short bursts at the 
highest possible repetition frequency compatible with the 
experiments to be performed. 

Wtd2 

F. Time reSolution 
A precise determination of the neutron TOF is essential for 

high-resolution measurements. Time uncertainties occur at two 
levels: (1) at the neutron source and (2) at the detector (including the 
channel width of the TOF analysis). Here, we consider the time 
uncertainties at the source level only and ignore them at the detector 
level. We also ignore the distance uncertainties, including the 
possiblt inclination of the flight path relative to the normal to the 
moderator (discussed in Sec. IV.G.5). All of these uncertainties should 
be taken into account when determining the overall resolution 
function of an experiment. 

At the source, the time resolution is made up of three 
components: (1)  the shape and the width of the charged-particle 
burst, (2) the. time spread of the charged particles in the target as 
they induce the neutron-producing nuclear reactions, and (3) the 
time spread of the neutrons inside the target-moderator system 
be:fore they leave the exit pliine of this system. The nuclear-reaction 
tirnes are usually much shorter than all these time uncertainties and 
can therefore be neglected, 

Each of these effects has a time distribution (or time resolution) 
arid the overall time resolution function at the source is obtained by 
convoluting all of these resolution functions with each other. Each 
resolution function i has a standard deviation Oi, and the standard 
deviation ot of the overall resolution function at the source level is 
thie square root of the quadratic combination of the standard 
deviations ai of these resolution functions. The shape of the overall 
resolution function depends on the shapes of these individual 
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resolution functions. If they are all Gaussian, the overall shape is also 
Gaussian. If they are not Gaussian, the overall shape has eo be 
calculated by the operation of convolution. Unless one of the 
individual resolution functions is very asymmetric, e.g., with a long 
tail, the shape of the overall resolution function is usually assumed to 
be Gaussian. 

Traditionally, neutron spectroscopists express the width of the 
resolution function not in terms of its standard deviation O E  b u t  
rather in terms of its full width at half maximum (FWHM), which is a 
source of ambiguity because the exact shape of the resolution 
function is usually not known, and, consequently, the relation 
between the FWHM and CT cannot be determined, If that shape is 
taken to be Gaussian, as is generally assumed, then FVJHM = 2.35 x 

OE - 
D, Doppler effect 
Another source of uncertainty in TOF measurements comes 

from the thermal motion of the atoms in the sample. This motion can 
be, increased or reduced by raising or lowering the sample 
temperature, but it can never be suppressed even when cooling the 
sample to very low temperatures. In most cases, especially at room 
temperature, this motion piays a role similar to that of a resolution 
function, is called Doppler broadening, and has a Gaussian shape of 
standard deviation OD given by the following relation: 

where kg is the Boltzmann constant, Teff is the effective temperature 
of the sample,7 and A is the mass number of the struck nucleus. 

The value of Teff is a furxtion of the actual temperature T and 
of the phonon spectrum of the sample. For most samples at room 
temperature, Teff is very close to T. Therefore, for the sake of 
simplicity, we assume in this report that Teff = T. 

Traditionally, neutron spectroscopists express the Doppler 
broadening in terms of a so-called "Doppler width" A ,  which is 
defined as A = <TT) x G. 

In Chapter IV, we use OD = 0.0227 x dEn (also for the sake of 
simplicity), which is calculated at room temperature for a medium- 
mass nucleus (Teff = T = 300 K and A = ZOO). 
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I V ,  PERFORMANCE OF THE LANSCE-WNR FACILITY: COMPARISON 
WITHORELA 

A. Introduction 
There is no universal way to describe the performance of a 

neutron TOF facility. It is also difficult and controversial to compare 
two facilities even if they are used for similar experiments because 
comparisons, like the performances, depend on the nature of the 
experiments. There is a great variety of experiments with several 
techniques possible for the same measurement. Yet, the difficulty of 
the task should not prevent us from attempting to approach this 
problem in a broad manner. It is not our intention here to try to 
tackle one specific experiment but rather to provide a base that may 
be useful in  assessing the merit of a neutron TOF facility. In doing so, 
we expect that the results obtained represent a kind of gross average 
over a large number of different experiments. 

In this context it seems that a useful figure to know is the 
neutron flux at the detector position, irrespective of the experiment, 
as a function of neutron energy and for a given resolution. 

'The choict: of the resolution function is a delicate matter 
because it can easily change the performance of a facility or the 
comparison between facilities or even render some experiments 
impossible. For this reason, "realistic" resolution profiles, defined as 
the variations of A E n  (or the standard deviation CTE) with En, a r e  
proposed and discussed in Sec. 1V.B. Though some arbitrariness in 
setting such profiles always exists, they still are very useful in 
mapping the possibilities of neutron TOF facilities. The principles of 
the calculations of the neutron flux versus neutron energy for the 
resolution profiles defined prcviously are explained in Sec. 1V.C. The 
results of these calculations a re  given in Secs. 1V.D-1V.F and 
discussed in Sec. 1V.G. Possibilities for upgrading LANSCE and WNR 
are given in Chapter V, with relevant calculations obtained in the 
same manner. 

B. Rwlut ion  profiles 
In order to determine the resolution that is needed in a 

neutron-physics experiment, the shape of a typical neutron cross 
section for a mcdium-mass or heavy nucleus must be considered. 

At very low energy (thermal energies or just above) the cross 
section decreases steadily with increasing En. At higher energy, up to 
a value that varies from nucleus to nucleus but is typically of the 
order of a few hundreds of eV to a few keV, the cross section consists 
of sharp and well-separated resonances. At higher energies, the 
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re:sonances start to overlap each other because their natural width r 
increases with energy independently of the experimental conditions. 
But, the experimental resolution and the Doppler effect, both of 
which increase with neutron energy, also broaden the measured 
re:sonances. This is the region of overlapping resonances where these 
resonances can no longer be separated but rather where their 
overlap increases with neutron energy, resulting in  smaller and 
smaller fluctuations of the cross section. At higher energy, the cross 
section becomes smooth and level; this is the continuum region. 

The behavior of such a cross section and the variation of the 
energy resolution with neutron energy are guidelines for the 
definition of resolution profiles (RPs), In the following, we make the 
d i s ti n c t i  o n c o ar s e - r e s o I u t i  o n 
measurements.  

be t w e e n h i g h -re s o 1 u t i  on and 

1 .  High resolution 
At the low-energy end, in the region of well-separated 

resonances, the resoIution function has to be compared with the 
natural widths r of these resonances and with the Doppler 
broadening. Extracting the resonance parameters, e.g., by a shape 
analysis of these resonances, requires a width smaller than the 
natural width I' for both the resolution function and Doppler 
broadening. But there is no need for the resolution function to be 
much narrower than the Doppler broadening. Therefore, in this 
energy region, one can assume that resonance analysis requires 

where o~ is the standard deviation of the energy resolution function. 
Both OE and En are expressed in eV. 

This means that the contribution of the resolution function is 
only about 10% in the overall quadratic combination of the resolution 
function and the Doppler broadening. 

This requirement can easily be met at low energies but 
becomes more: and mote stringent with increasing energies because, 
as a consequence of Eq. 4, the condition (Eq, 8) results in the 
following relation for the nominal resolution (ot/L) : 

-- ot(~s) - 0.246 
,L(m) - En(eV) '  (9) 
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In this energy region, the neutrons need to be moderated, 
and for most spectrometers, the time resolution is dominated by the 
moderation time, with a typical et(ps) value of about 0.8dE,(eV). The 
flight-path length that is needed for the measurement then is 

With a flight path of 100 m, this means that the condition 
(Eq. 8)cannot be met above about 1 keV. 

Above this energy and for most cases, the time resolution is 
still dominated by the moderation time until it becomes comparable 
with or smaller than the minimum charged-particle width Atb .  On the 
other hand, the length of the flight path cannot usually be extended 
beyond a few hundred meters. Therefore, in this energy region, a 
reasonable resolution profile can be obtained by choosing ot(ps) = 
0.8dEn(eV), as before, and L = 100 m. When these values are 
inserted in (Eq. 4), one obtains 

OE = 2 .lo4 x En. (11) 

At higher energies (in the continuum region), the time 
resolution is no longer limited by the moderation time but rather by 
th.e minimum duration of the charged-particle burst, which is 
typically about 1 ns (at = 0.42 ns for a Gaussian shape). High- 
resolution measurements can be made with flight-path lengths of 
about 100 mi This leads to if. nominal resolution of about 0.01 ns/m. 
Once the values for at and L are inserted in Eq. 4, one obtains 

Therefore, this high-resolution profile consists of three 
energy regions: 

(1) at low energy, in1 the resolved-resonance region, 
112 = 6.8 xlO-3 x E,, ; 

(2) at intermediate energy, in the unresolved-resonance 
region, 

(3) at high energy, in the continuum region, 
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3/2 10-7x % . 
This profile can be written as one single formula over the 

whole energy ra.nge: 

( 1 3 )  
112 0~ = MAX(6.8 x l O - 3  x EL , 2 x 1 0 "  x En, 10-7 x <'2). 

2. Coarse resolution 
In the same manner as above, it is possible to define a 

resolution profile for measurements made with a coarse resolution. 
At low energy, in contrast with the high-resolution case, 

thLese measurements are not made to determine resonance 
parameters. The goal is rather to measure compound-nucleus decay 
properties in the resonances such as, for example, capture gamma- 
ray cascades or fission fragments. For these measurements with low 
count rates, the neutron flux is more important than the resoiution. A 
molution width smaller than the Doppler width is not necessary. On 
the contrary, one can tolerate a resolution width greater than the 
Doppler width to increase the neutron flux. The amount to which the 
resolution width can be increased is of course debatable and varies 
case by case. In the absence of specific information, we assume in the 
following that the resolution width can be three times greater than 
the Doppler width, Le., ten times bigger than for the high-resolution 
case. 

For the other energy regions, we assume, in the same 
manner, that the resolution function is ten times wider than for the 
high-resolution case. 

The resolution profile over the entire energy region can then 
be written as 

These two resolution profiles, called RP1 and RP2 for high 
resolution and coarse resolution, respectively, are tabulated in Table 
2 and plotted in Fig. 7. 

Other resolution profiles could of course be defined depending 
on the experiment to be performed, but the two profiles defined 
a.bove can already help a.ssess the properties of neutron TOF 
spectrometers. 
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TABLE 2 

WIDTHS OF THE RESOLUI’ION FUNCTIONS FOR RP1 PrND RP2 

RP 1 RP 1 RP2 RP2 

1.00E+00 
1 . O O E + O l  
1.00E+02 
1.00E+03 
1 .OOE+O4 
1 .OOE+O5 
1,00E+06 
1400E+07 
l I0OE+08 
1”00E+09 

_I- 

6.80E-03 
2 .15E-02 
6.80E-02 
2.15E-01 
2.00Ec00 
2.00E+01 
2.00E+02 
3.1 6E+03 
1.00E+05 
3.16E+06 

1.60E-02 
5 .05E-02  
1.60E-01 
5.05E.,01 
4.70EcOQ 
4.70Et.01 
4.70 E+-02 
7.43E.r-03 
2.35Ei-05 
7.43EcOtS 

6.80E-02 
2.1 5E-01 
6.80E-01 
2.1 SEcOO 
2.00E+01 
2.00E+02 
2.00E+03 
3.1 6E+04 
1.00E+06 
3.1 6E+07 

1.60E-01 
5.05E-01 
1.60E+00 
5.05E+00 
4.70E+01 
4.70E+02 
4.70E+03 
7.43E+04 
2.35E+06 
7.43E+07 

2.27E-02 
7.1 9E-02  
2.27E-01 
7.1 9E-01 
2.27E+00 
7.1 9E+00 
2.27E+01 
7.1 9Ec01 
2.27E+02 
7.1 9E+02 

_- - 

astandard deviation of the energy resolution function for RP1, as 

%WHM of the same resolution function as in (a), supposing it is a 

CStandard deviation of the energy resolution function for RP2, as 

d ’ F ~ m  of the same resolution function as in (c), supposing it is a 

eStandard deviation of the Doppler effect, as calculated with Teff 

given by Eq. 13 in the text. 

Gaussian function. 

given by E$. 14 in the text. 

Gaussian function. 

= 300 K anti A = 100 (see Sec. II1.D). 

C. Pnnc !i&&Qm X D ~ S  of the calc 
The calculations carried out below assume that the 

measurements are made at 300 relative to the direction of the 
charged-particle beam. This provides the best experimental 
conditions because it minimizes the distance uncertainties at the 
source level, The effect of using neutron beams inclined relative to 
the normal to the charged-particle beam is discussed in Sec. IV.G.5. 

In order to calculate the: neutron flux at the detector position as 
a function of neutron energy and for a given resolution profile, the 
following procedure has been used for each energy value: 

. .  
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( la )  Note the standard deviation o t m  of the neutron time spread in 
the target-moderator system assuming that the charged- 
particle burst is a &function in time. 

(2a) Optimize, accordingly, the duration of the charged-particle 
burst whenever possible. For simplicity, the standard 
deviation, ob, of this burst is made equal to O t m  within the 
possibilities of the accelerator, or shorter if there is no 
resulting loss in intensity. 

(3a) Calculate the standard deviation o t  of the overall time 
resolution function from the quadratic combination of Otm and 
of ab obtained in procedures ( l a )  and (2a) , respectively. 

(4a) Determine the neutron output per burst, Nb, for the burst 
duration having ab for a standard deviation. 

(5a) Calculate the necessary flight-path length, L, from the known 
values of at  and OE using Eq. 4. If the L value obtained is 
shorter than the minimum value Lm of the facility, then set L 
= Lm and make new calculations with a modified procedure 
(see below). No  upper limit is fixed on L, but the values 
obtained with this method are discussed in Sec. 1V.G. 

(6a) Determine the number of bursts per second fb.  An upper limit 
is the inaximurn repetition rate f M  of the facility. But the 
value of fb must also take into account the effect of neutron- 
frame overlap, which depends on the experiment to be 
performed. In the absence of specific information, we 
consider two general cases: ( 1 )  at low energy and (2) at high 
energy. 

(1) At low energy, one can use the so-called filter method in 
which a slab of material having a cross section with a strong 
l / v n  component is placed across the neutron beam. The 
thickness of the slab and the repetition frequency can be 
determined by imposing for example a 10% attenuation at 
energy En caused by the ( l /vn)  component for the neutrons 
from the last burst and a 90% attenuation for those of lower 
energy emitted by the preceding burst but detected in the 
same time gate. One thus obtains the following relation in the 
classical approximation that is sufficient at low energy: 
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( 2 )  A t  higher e n e r g y ,  above 10 or 100 keV, the ( l / v n )  filter 
method is not applicable because the l/vn c r o s s - s e c t i o n  
component becomes srnaller with increasing energy than the 
other components. But for certain experiments (e.g., those 
using proton-recoil detection), another method, called the 
threshold method, can be used. In this case, a threshold is set 
on the energy of the recoiling proton (or another associated 
particle) i n  such a way that the neutrons emitted by the 
preceding burst do not have enough energy to be detected. In 
setting the repetition rate to 

there is a factor of about 5 in the energies of the neutrons 
detected at the TOF tn when they are emitted at two 
successive bursts. This is more than sufficient to ensure 
rejection of the unwanted neutrons. 

In the calculations, we assume that the filter method can 
be used up to 100 keV, and the threshold method can be used 
at 1 MeV and above. 

(7a) Calculate the neutron flux @n at the distance L using the 
re 1 ati on 

in which all the quantities are known. For simplicity, no 
attenuation of the neutron flux along the flight path has been 
taken into account. 

If the flight-path length calculated in procedure (Sa) is shorter 
than Lm (L < Lm), the following modified procedure must be followed: 

( 1 b) Follow the procedure as in (la).  

(2b)  Calculate a new value of ot, called O L m ,  from OE (given by the 
resolution profile) and Lm. 
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(3 b) Optimize the charged-particle burst time width using the 
quadratic cornbination of the standard deviations obtained in 
procedures ( l b )  and (2b). 

(4b)  Calculate the actual standard deviation cs by  quadratic 
combination of the values obtained in procedures ( 1  b) and 
( J b ) .  

(5b)  Determine the neutron output per burst for the width  
obtained in procedure (3  b). 

( 6 b )  Calculate the repetition rate as in procedure (6a) using Lm 
instead of: L whenever necessary. 

( 7 b )  Calculate the neutron flux as in procedure (7a). 

The procedures just  defined are applied below to calculate the 
performances of LANSCE, WNR, and ORELA. 

J2J!s&u!f the €a lculations for LANSCE 
The characteristics of the moderated neutron beam coming 

from 'the LANSCE moderator used for nuclear physics, with a field of 
view of 12 x 12 cm2, is calculated using the Monte Carlo method.4 

The standard deviation atm can be approximated by otm(ns) = 
-0.394 - 1  

2800 x E n  and the neutron output by Nlk = 4 x 10-3 x E n  

neutrons/eV/sr/imcident proton (where En is in eV in these two 
express ions). 

An upgraded version of LANSCE is also considered in which a 
simple bare-water moderator is used. The time spread is reduced to 
otm(ns) = l,OOOr\lEn(eV), but the same neutron output is assumed. 

The proton burst has the shape of an isosceles triangle having 
an FWHM of 125 ns. The repetition frequency is fixed to 20 Hz. The 
average proton current is 60 F A .  

The results obtained with these calculations are illustrated in 
Table 3 for LANSCE and for the resolution profile RP1. Also the 
various shapes of the resolution function calculated at different 
energies are given and discussed in Appendix B. 
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TABLE 3 

NEUTRON FLUX CALCULATIONS FOR LANSCE AND FOR Rp1 

1.00E+00 
1 .OOE+Ol 
1 .00Et02 
1,00E+03 
1.00E+04 
1.00E+05 
1,00E+06 

En 
( e V >  

1.00E+00 
1 .OOE+O 1 
1.00E+02 
1.00E+03 
1.00E+04 
1.00E+05 
1.00E+06 

Nlk o t m  ob =I 
( n / s  r / e  V / p  1 (ns) (ns> ( n s )  
- - -  - 
4.00E-03 2.80E+03 5 1  2.80Et-03 
4.00E-04 1,13E+03 5 1  1.13Et-03 
4.00E-05 4.56E+02 5 1  4.59E+02 
4.00E-06 1.84E+02 5 1  1.91Ec02 
4 . O O  E -  07' 7.143 E+O 1 5 1  9.01Ec01 
4.00E-08 3.00E+01 5 1  5.92E+01 
4.00E-09 1 - 2 1  E+01 5 1  5.24Ee01 

f b  on N b  
(Hz) ( n / c m * / e V / s )  ( n / s r / e V / b u r s t )  
_s_ 

2 0  3 . 0  6 E + 0 6 7.50E+10 
2 0  2.81 E+04 7 .SO E+09 
2 0  1.71 E+02 7.50E+08 
2' 0 9.84E-01 7.50E+07 
2 0  3.8 3 E - 0 2 7.50E+06 
2 0  8.8 8 E - 0 4 7.50E+05 
2 0  ' l .13E-05 7.50E+04 

L 
( m )  

7 .00  
23.1 1 
93.78 

390.35 
626.1 3 

1299.84 
3 6 4  5.77 

t n  
(PS 1 

5.04E+02 
5.26E+02 
6.75E+02 
8.89E+02 
4.51 E+02 
2.. 9 6 E + 0 2 
2.63 E +02 

E. Resu Its of the c dculations for WNR 
The target used at WMR at the present time is a cylinder of 

tungsten ( e  = 3 cm and I =: 7.5 cm) surrounded by a thin 1.2-mm- 
thick water jack;et used for cooling, but it plays a negligible role for 
neutron moderation. This target is used for the production of fast 
neutrons with energies above a few tens of keV. 

In the calculations discussed below, six other different types of 
tugets  were considered: three for fast neutrons (bare targets) and 
three for moderated neutrons. These two sets of targets are called 
W N W B  for fast neutrons and WNRM for moderated neutrons (Fig. 8). 
The detailed characteristics of these targets are given in Appendix C. 

None of these targets has actually been tried experimentally 
yet or even optimized in the calculations, but their study provides a 
good illustration of the potential of WNR over the whole energy 
riange. 
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Calculations of the neutron output (otm and Nlk), using the 
Monte Carlo method, are made for all of these targets for neutrons 
emitted at 900 relative to the proton beam.4 

The fine time structure in each proton burst depends on the 
mode of operation (bunched or unbunched) for the microbursts (Fig. 
3). Each microburst has a shape close to a Gaussian with an FWHM of 
about 0.25 ns (Ob = 0.106 ns). 

The number of protons in each microburst is 108 in the 
unbunched mode and 3 x 108 in the bunched mode (Sec. II.D.2). 

The number of rnicrotiursts N, taken i n  each proton burst is 
determined to match the moderation time. When two or more 
microbursts are used, the proton burst is assumed to have a 
rectangular shape with a duration A t b  = (Ncl-l) x 5 ns (unbunched 
mode). This leads to a standard deviation ob = Atb/(2.\/3) that should 
be as close as possible to that of the neutron time spread in the 
target moderator system. The unbunched mode of operation is 
preferred for h t b  1 20 ns because it gives a higher neutron output 
than the bunched one for the same burst duration. But when the 
moderation time leads to A t b  <: 20 ns, then one single microburst in 
the bunched mode is preferable. 

The repetition frequency of the experiment depends on the 
time structure of the proton beam (Fig. 3)  and has to be considered 
with some care. The maximum repetition rate of the 625-ps 
macrobursts is 40 Hz. This maximum repetition rate of the 
experiment can also be used at low energy when only one burst of Np 
microbursts is extracted from each macroburst. But at high energy, 
the neutron frarne overlap is less stringent and several bursts of Np 
microbursts can be accommodated in each macroburst. During the 
duration of the macroburst, the repetition rate of the bursts is given 
by fb as defined in Sec. IV.C, but the number of pulses (semiperiodic) 
per second is neither fb nor 40 Hz, but rather 40 x 625 x 10-6 x fb .  In 
short, the repetition rate of the experiment, called Fb for WNR, 
depends on the value of f b .  The following three cases need to be 
considered: 

*a < fb(HZ) < (106/625), 
in this case, Fb  = 40 Hz; and 
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in this case, Fb = 40 x 625 x 10-6 x f b  = 0.025 x f b .  

The calcul.ations were carried out using these figures for all 
targets, for the resolution profiles RPl  and RP2, and for a circular 
field of view (FOV) of 10 em in diameter (the maximum FOV 
available outside the target room). 

The results obtained are: illustrated in Tables 4 and 5 for the 
targets WNR3 and WNR4 (with a thickness of 5 cm), respectively (see 
Appendix C). 

TABLE 4 

" R O N  FLUX CALCULATIONS FOR WNR3 
A N D  FOR RP1 

1.00E+04 
1.80E+05 
1 .OOE+06 
1.80E+07 
5.80E+07 
1.80E+08 
2.00E+08 
3.1 6E+08 

4.01 E-01 
5.50E-01 
2 . t m - 0 1  
9.1 3E:-03 
7.91 E -04  
2.60E-04 
4.53E-05 
5.98E-06 

2.56E+01 
8.81 E+OO 
1.59E+00 
1 .!i1 E-01  
1.20E-01 
1 . I  OE-01 
1.04E-01 
1 .OOE-01 

- 
i a  

7 
1 
1 
1 
1 
1 
1 

3.54 E+ 0 1 
1.24E+01 
1.59E+00 
2.1 8E-01 
1.60E-01 
1 S 3 E - 0 1  
1.48E-01 
1.46E-01 

492.45 
542.70 
221.13 

61.18 
46.29 
45.90 
48.08 
51 - 2 1  

1.00E+04 
l.OOE+05 
1.00E+06 
1 .#0E+07 
5 .OO E+O7 
1 .OOE+08 
2 .BOE+08 
3.1 6E+08 

4 0  
4 0  

1280  
14280  
40840 
561  20 
70800 
77880 

1.1 9E-05 
5.2 3 E - 0 6 
2.22E-04 
1.04E-03 
4.52E-04 
2.0 8 E -0 4 
4.1 6E-05 
5.33E-06 

7.22E+02 
3.85E+02 
8.49E+01 
2.74 E+OO 
2.37E-01 
7.80E-02 
1.36E-02 
1.79E-03 

3.54E+02 
1.24E+02 
1.59€+01 
1.40E+00 
4.90E-01 
3.56E-01 
2.82E-01 
2.57E-01 

F. Results o f the calcuiatx 'ons for ORELA 
The vast majority of the experiments carried out at ORELA 

make use of the tantalum-water target briefly described in Sec. 
II.E.3. 

2 6  



1 .OOE+OO 
1.00E+01 
1,00E+02 
1.00E+03 
1.00E+04 
1 .OOE+O5 
1.00E+06 
1.00E+07 

E n  
( e V )  

3.94Ec03 
5.26E.1.02 
7'.86E+01 
1.08Ec01 
1.79E+00 
4.56E-01 
*I .70€-01 
H.62E-03 

F b  
(Hz) 

1.10E+03 
2.88Ec02 
1.00Ec02 
3.44E+01 
1.21 E+01 
4.21 E+OO 
1 . I  9E+00 
2.07E-0 1 

1 1 2 2  
1 9 9  

6 9  
2 3  
8 
1 
1 
1 

1.96E+03 
4.07E+02 
1.41 E+02 
4.78E+01 
1.68E+01 
4.21 E+OO 
1.20€+00 
2.33E-01 

8.00 
16.63 
57.66 

195.27 
232.81 
184.88 
166.65 

65.1 3 

1.00E+00 
l . O O E + O l  
1.00E+02 
1 .00Et03  
1.00E+04 
1.00E+05 
1.00E+06 
I .00€+07 

4 0  
4 0  
4 0  
4 0  
4 0  
4 0  

1 6 8 0  
13400  

2.76 E+04 
1.51 E+02 
6.53E-01 
2.61 E-03 
1.06E-04 
1.60E-05 
3.08E-04 
8. f 7 E - 0 4  

4.42E+08 
1.05E+07 
5.42€+05 
2.4 8 E+ 04 
1.43E+03 
1.37E+02 
5.1 OE+01 
2.59€+00 

5.76E+02 
3.78E+02 
4.1 5E+02 
4.456+02 
1.68E+02 
4.21 E+01 
1.20E+01 
1.49E+00 

Yet, for completeness, we also inclyde in these calculations 
the possibility of using a thick beryllium target for fast neutrons 
because it may prove more efficient than the tantalum target for the 
production of high-energy neutrons above 2 MeV. In this section, we 
therefore consider these two targets. 

w 
For moderated neutrons, up to a few hundreds of keV, the 

neutron spectrum obtained from measurements can be approximated 
by the following relation: 

-0.75 Nb x fb = 1.9 x 1010 x neutrons/sr/eV/s, 

where En is in eV for the maximum power of 50 kW.8 
At the ORELA electron energy, the neutron output is 

proportional to the beam power. Therefore, the number of neutrons 
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per burst, Nb, can be expressed in terms of the energy in the electron 
burst. One then obtains 

(20)  
-0.75 

Nb =: 3.8 X lo5 x 5 n/sr/eV/J.  

-0.75 In this expression, the energy dependence E, is probably 

overestimated. More recent experiments and calculations seem to be 

more in favor of a E n  dependence.5 Though the difference looks 

small, it can have a noticeable effect over a wide energy range (as 
much as a factor of 2 over 100 keV). 

The moderation time in this energy region has been 
calculated by the Monte Carlo method and verified experimentally in  
a few cases.6 The FWHM of the time distribution, expressed in terms 
of a distance uncertainty AL, obeys the following relation: 

- 0 . 8 1  

AL = 18.8 - 0.283 x (Ln En) + 0.1 16 x (Ln En)*, (21) 

where AL is expressed in millimeters and En is expressed in eV. 
This expression for AL can be transformed into the standard 

deviation O m  of the time distribution, assuming that the time 
dhtribution has the form x2e-X (with x = t/r,  where r is the mean 
collision time). One then obtains 

where Om is expressed in nanoseconds and En is expressed in eV, 
This relation in fact holds up to 10 keV only, but in the 

absence of better knowledge, we used it up to 100 keV (bearing in 
mind that there might be fairly large uncertainties beyond 10 keV). 

In addition one has to take into account the transit times of 
the electrons, the photons, and the fast neutrons inside, the target. In 
the absence of any information on these effects, we assumed that 
they were equivalent to a Gaussian having an FWHM of 1 ns (a, = 
0.423 ns). 

Therefore, for moderated neutrons, one has 

Otm = ( Om+ os) 112, (23)  

For fast neutrons, the neutron production has been 
calculated with the electron-photon cascade method for thick 
tantalum targets.9 The calculations made with this method for a 
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semi-infinite slab having a 20-rad-length thickness (1 -rad length in 
tantalum is equal to 0.3823 cm) are in agreement with 
measurements carried out with the tantalum target from 1 to 20 
M e V  (Fig. 9).1()  For completeness, the neutron spectrum above 20 
M e V ,  where no experimental data exist, is derived from the 
calculations (Fig. lO).9 

The neutron time distribution of fast neutrons above 1 MeV 
must take into account the transit times of the electrons, the photons, 
arid the fast neutrons inside the target mentioned above but not the 
moderation time, which is neglected. Therefore, for fast neutrons, one 
assumes somewhat arbitrarily that = 0.423 ns. 

In all eases, whether i t  is for moderated or fast neutrons, the 
electron burst is supposed to have a rectangular shape with a time 

2. Beryllium tit= 
This target is considered for fast neutrons only. Although no 

experimental data on the neutron spectrum exist, calculations that 
use the electron-photon cascade method are available.9 The results of 
these calculations can be seer! in Fig. 10. Our calculations have used 
these results obtained with 1 rad-length thickness (1 rad-length 
thickness in beryllium is equal to 36.75 cm), though the target 
actually used is certainly shorter. On the other hand, the 
bremsstrahlung is made in a tantalum radiator where it is more 
e Ffieient than in beryllium. Therefore, the tantalum radiator may 
compensate for the use of a short target. 

The standard deviation of the time distribution is assumed 
to be the same as for the tantalum target. 

The calculations for the tantalum and the beryllium targets 
were made for the resolution profiles RP1 and RP2. An illustratiori of 
the calculations is given in Table 6 for the tantalum target and for 
RP1. 

0. Disussion of the res& 

J .  Creneral presentation of the results 
To facilitate the discussion of the above calculations, the 

results are plotted in the form of the neutron flux On, the TOF 
distance L, and the repetition frequency fb (or Fb) as a function of the 
neutron energy En for each resolution profile RP1 and RP2 (Figs. 11- 
24). 
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TABLE 6 

NEUTRON KUX CALCUL.ATIONS FOR ORELA AND FOR RP1 

l.OOE+OO 
l.OOE+Ol 
1.00E+02 
1.00E+03 
1.00E+04 
1.00€+05 
1.00€+06 
2.00€+06 
4.00€+06 
1.00E+07 
2.00E+07 
4.0OE+O7 

--- 
3.80Ec05 
6.76E+O4 
1.20E+Q4 
2.1 4E+03 
3.80E+02 
6.76E+01 
8.32€+01 
2.08€+01 
2.90E+00 
3.32E-01 
1.24E-02 
6.24E-03 

7.8 4E+ 0 2 
2.47E+02 
8.32E+0 1 
2.95E+01 
1.09E+01 
4.10E+00 
4.23 E-0 1 
4.23E-01 
4.23E-0 1 
4.23 E - 0  1 
4.23 E-0 1 
4.23E-01 

1"00E+00 
1.80E+01 
1 ,BOE+02 
1.80E+03 
1.00E+04 
1.00E+05 
1.00E+06 
2.8OE+06 
4.80E+06 
1.00E+07 
2.00E+07 
4 .OO E+O 7 

7 0  
1 9 5  
1 8 3  
1 6 0  
3 4 9  

i o 0 0  
1 0 0 0  
1 0 0 0  
1000 
1 0 0 0  
1 0 0 0  
1000 

1.68Et+03 
6.45E+02 
9.45E+OO 
1.1 1 E -01  
2.07E-02 
4.1 9E-03 
2.52E-03 
3.14E-04 
2.1 9E-05 
2.48E-06 
9.1 1 E-08 
4.44E-08 

- 
2 4  
2 4  
2 4  
2 4  
2 4  
1 4  

2 
2 
2 
2 
2 
2 

7.84 E+02 
2.48€+02 
8.35E+01 
3.03E+01 
1.29E+01 
5.80€+00 
7.15E-01 
7.1 5E-01 
7.1 5E-01 
7.1 5E-01 
7.15E-01 
7.1 5E-01 

8.90 
10.1 1 
34.1 2 

123.90 
179.05 
254.75 

99.47 
140.78 
199.41 
200.38 
201.98 
205.21 

Jb Nb t n  
( J )  ( n / s r / t V / b u r s t )  (pS) 
- 
5 0  
50 
5 0  
5 0  
5 0  
4 0  

3 
3 
3 
3 
3 
3 

1.90E+07 
3.38E+06 
6.01 E+05 
1.07E+05 
1.90E+04 
2.72E+03 
2.49E+ 02 
6.23€+01 
8.69E+00 
9.95E-0 1 
3.72E-02 
1.87E-02 

6.41 E+02 
2.30E+02 
2.46Ec02 
2.82€+02 
1.29€+02 
5.80E+O 1 
7.17E+00 
7.1 8E+00 
7.20 E+OO 
4.60E+00 
3.30E+00 
2.41 E+OO 

These plots are made in two series, one (called A) for the 
facilities as they now exist (LANSCE; WNR, equipped with the bare 
target WNRO; and ORELA, used with a tantalum target) and another 
one (called B) for the same facilities with a moderate upgrade. 

Other more important upgrades are considered in Chapter V. 
These plots are made (1) for the maximum FOVs for 

experiments (not for the maximum FOVs corresponding to the full 
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size of the target-moderator systems) and (2) for flight paths at right 
angles relative to the directiori of the charged-particle beam. 

The effect of reducing the FOV is discussed in Sec. IV.G.4. 
and the consequences of using different inclinations of the neutron 
beams relative to that of the charged-particle beam are examined in 
Se,c. XV.G.5. 

-?an 'son of the A-plots 
(a) A-plots of the neutron f l u x .  The A-plots of the 

ne)utron flux, Qn( En) ,  versiis neutron energy for the resolution 
profiles RP1 and RP2 (Figs. 11 and 14, respectively) have the same 
general pattern. At low energy, LANSCE is superior, then ORELA 
takes over in the middle of the energy range, and, finally, WNR 
(equipped with the WNRO target) takes over at the high-energy end. 
The exact boundaries between these different zones depend on the 
conditions of the comparison. 

These results can easily be explained by the fast neutron 
production and the time structure discussed in Chapter 11. 

At low energy, LANSCE is superior to ORELA, by a factor 
larger than 103 at 1 eV because of its higher neutron production and 
its low duty cycle. At this low energy, LANSCE is not penalized by its 
relatively broad proton burst and its low repetition frequency, 
whereas ORELA cannot take advantage of its narrow bursts and its 
high repetition rate. The advantage of LANSCE over ORELA would be 
even greater for some experiments if the shape, not the standard 
deviation, were taken into account (see Appendix B). 

The advantage of LANSCE over ORELA decreases with 
increasing neutron energy until ORELA overtakes LANSCE at 
intermediate energies. ORELA can then use its narrow bursts and its 
high repetition rate, whereas LANSCE is penalized by its broad burst 
and is obliged to compensate for that by using very long and 
unrealistic flight paths that result in very small solid angles. WNR, 
equipped with target W R O ,  cannot be used below 10 keV because of 
the almost complete absence of neutron moderation. Above this 
energy, and up to MeV energies, WNR is much penalized by its low 
repetition frequency and its high rejection of microbursts. For 
example, at 100 keV, WNR takes only one out of the 3.125 x 104 
microbursts in each macropulse, and the repetition frequency is still 
only 40 Hz as compared with a repetition frequency of 1,000 Hz for 
ORELA. 

At high energy, LANSCE has a lower flux than ORELA 
above 100 keV and cannot be used at such energies because of 
unrealistic flight-path lengths (see Sec. IV.G.2.b.). WNR has the 
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advantage over ORELA because its neutron spectrum is harder and 
the time resolution of its microbursts is very good, Also the less 
stringent neutron overlap above 1 MeV makes the use of high 
repetition rates possible. Yet, even in the high-energy region, WNR is 
far from using its full potential because it does not use most of its 
micro bursts. 

(b) A-plots of the time-of-flight distance. The A-plots of 
the TOF distance, L, versus neutron energy for the resolution profiles 
R.Pl and RP2 (Figs. 12 and 15, respectively) illustrate the limitations 
imposed by the short available distances, especially at LANSCE. The 
maximum distance presently available is 55 m at LANSCE and 90 m 

, at WNR (this last one is not at a right angle relative to the proton 
beam). This limits the measurements at LANSCE to about 40 eV for 
R.Pl (resonance analysis) and 5 keV for RP2. Such limitations do not 
exist, at least not to such an extent, at ORELA. Therefore, resonance 
spectroscopy can be carried out in much better conditions at ORELA, 
but LANSCE is a much better facility for the study of compound- 
nucleus decay properties in low-energy resonances. The limitations 
imposed by the short available flight paths are less stringent for 
WNR, though the inclinations of the flight paths introduce other 
deteriorations of the resolution function discussed in Sec. IV.G.5. 

(c) A-plots  of the repeti t ion frequency.  The A-plots of the 
repetition frequency, f b  (or F b  for WNR),  versus neutron energy for 
the resolution profiles RP1 and RP2 (Figs. 13 and 16, respectively), 
illustrate the modes of operation of these three facilities. The 
repetition frequency for LANSCE is always equal to 20 Hz. It is low 
enough to avoid any neutron overlap, even at low energy, and 
consequently leads to no loss of neutron flux over the whole energy 
range where it can be used. The maximum repetition frequency for 
ORELA, fb = 1,OOo Hz, cannot be used at low energy, at least not until 
100 keV for RP1 and 1 keV for RP2. This explains partially why 
ORELA is penalized at low energy compared with LANSCE. WNR is 
even more penirlized by neutron overlap. Below 1 MeV and for RPl, 
\KI\TK can use only the macroburst repetition frequency of 40 Hz. Still 
for RPl ,  it is only at 1 Me:V and above that WNR can increase its 
repetition frequency to higher and higher values with increasing 
neutron energy, culminating to fb = 85,480 Hz at 316 MeV. The same 
situation is met for RP2, though not as severely as for RP1. For RP2, 
the repetition frequency is already 80 Hz at 10 keV and reaches the 
value fb= 498,000 Hz at 316 MeV. This behavior of the repetition 
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frequency for WNR explains partially why WNR gradually overtakes 
ORELA with increasing energy. 

The numerical values for the A-plots are given in Tables 7 and 
8 for RP1 and RP2, respectively. 

3. Comparison of the B-plots 
The 13-plots i l lustrate the improvements i n  the 

characteristics of the facilities brought about by the moderate 
upgrades described below. 

For LANSCE, the upgrade would include a slightly different 
moderator, provided i t  is compatible with the needs of other users. 
For WNR, the upgrade would include different targets with and 
without moderators. Because many different targets have been 
studied, the plots of O n ( E n )  are restricted to the envelopes of the 
results for targets WNRM and WNRB. Therefore, the plot + n ( E n )  for 
WNRB is the envelope of the results for targets WNR1, WNR2, and 
WNR3, and, in the same manner, the plot Qn(En)  for WNRM is the 
envelope of the results for targets WNR4,  WNRS, and WNR6. The 
distances L for WNRB and WNRM are chosen and plotted accordingly. 
For ORELA, the upgrade includes the possibility of using a beryllium 
target at high energy, above 2 MeV. 

(a) B-plo ts  of the neutron flux. The general pattern of the 
neutron flux, CP n (  E n ) y  versus neutron energy for the resolution 
profiles RP1 and RP2 (Figs. 17 and 20, respectively) is very similar to 
that of the A-plots. 

At low energy, LANSCE still has a greater advantage over 
ORELA because of the reduction of the LANSCE moderation time. But 
this advantage is cancelled at energies where this moderation time 
becomes shorter than the duration of the proton burst (above about 
1 keV). WNR, equipped With WNRM targets, can be used at low 
energy but with a lower flux than both LANSCE and ORELA (at least 
above a few eV for RP1 and a few tens of eV for RP2, for this latter 
facility). 

At higher energies, the upgrade of the facilities does not 
drastically change the conclusions already drawn from the A-plots. 

Comparing the performances of the various targets 
studied for WNR can be of interest, To this aim, plots have been 
made for the resolution profile RP1 of the maximum and of the 
minimum neutron fluxes <Dn(En) as a function of neutron energy 
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TABLE 7 

NEUTRON Fl.,UX, FLIGHT P.ATH LENGTH, AND REPETITION RATE 
CALCULATIONS FOR O E L A ,  LANSCE, AND WNR (CASE A) 

A N D  FOR RP1 

En an L f b  an 1 f b  
(ev) ( n / c m 2 / e V / s )  ( m >  (Hz) ( n / c m * / e V / s )  (m) (Hz) 

ORELA 

1, .00E+00 
1.08Et01 
1 .OOE+02 
1.00Ec03 
1.00E-1-04 
1,00E~-05 
1 .OOE+06 
2.0 0 E + 0 6 
4.00€+06 

2.0 0 E c 07 
4.0 0 E + 07 

En 

1.00E+07 

1.68Et03 
6.45 E +O 2 
9.45E+00 
1 . I  9 E-01 
2.07E-02 
4.19E-03 
2.52E-03 
3.1 AE-04 
2.1 9E-05 
2.4BE-06 
9.1 1 E-08 
4.44E-08 

an 

ORELA ORELA 
-- 

8 -90 
10.11 
34.12 

123.90 
179.05 
254.75 

99.47 
140.78 
199.41 
200.38 
20 1.98 
205.21 

7 0  
1 9 5  
1 8 3  
1 6 0  
3 4 9  

1 0 0 0  
1 0 0 0  
1 0 0 0  
1 0 0 0  
1 0 0 0  
1 0 0 0  
1 0 0 0  

L Fb 

WNR WNI1: WNR 
.I_- 

‘I .00E+04 
‘1 .OBE+05 
1.08E+06 
2.0 0 E+ 06 

1.00€+07 
:2.00Ei-07 
14.00 E + 07 
!5.0 0 E + 0 7 
1.00E+08 
2.00E+08 
3.1 6E+08 

4.00€+06 

I 

1.67E-05 
8.67E-06 
8.53E-04 

1.48E-03 

5.69E-04 
2.46E-04 
4.24E-05 
5.60E-06 

-- 
237.84 

11 4.95 
i 76.85 

50.08 

40.39 
41.21 
43.59 
46.67 

4 0  
4 0  

2 4 4 0  

17440 

46800 
6 2 5 2 0  
78120 
85480 

LANSCE LANSCE 

3.06E+06 
2.81 E t 0 4  
1.71 E+02 
9.84E-01 
3.83E-02 
8.88 E-04 
1.1 3E-05 

7.00 
23.1 1 
93,78 

390.35 
626.1 3 

1299.84 
3645.77 

LANSCE 

2 0  
2 0  
2 0  
2 0  
2 0  
2 0  
2 0  

- 
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TABLE 8 

NEUTRON FL,UX, FLIGHT PATH LENGTH, AND REPETITION RATE 
CALCULATIONS FOR ORELA, LANSCE, AND WNR (CASE A) 

A N D  FOR RP2 

OxiELA ORELA ORELA LANSCE LANSCE LANSCE 

1.00E+00 
1.00E+01 
1.00E+02 
1.00E+03 
1.08Et04 
1 .OOE+05 
1.00E+06 
i! . 0 0 E + 0 6 
4.00E+06 
1 .OOEt07 
2.0 0 E+ 07 
4.00€+07 

1.68E+03 
9.47E+02 
5.32 E +O 2 
6.96E+O 1 
5.92 E t 0 0 
4.'19E-O1 
2.52E-0 1 
3.1 4E-02 
2.1 9E-03 
2.48E-04 
9.1 1 E -06  
4.44E-06 

_I- 

8.90 
8-90 
8-90 

12.39 
17.90 
25.47 

9.95 
14.08 
19.94 
20.04 
20.20 
20.52 

7 0  3.06E+O6 
2 2 2  3.06E+05 
7 0 2  1.71 E+04 

9.84Ec01 1 0 0 0  
1 0 0 0  3.83E+OO 
1000  8.88E-02 
1 0 0 0  1.13E-03 
1 0 0 0  
1 0 0 0  
1 0 0 0  
1 0 0 0  
1 0 0 0  

WNR WNR WNR 

'I .00E+04 
1.00Et05 
'I .00Et06 
2.00 E+06 
4.00E+06 
'1.00E+O7 
2.00 E + 07 
4.00 E+07 
5.00 E t  07 
1.00E+08 
2.00E+08 
3.1 6E+08 

- 
3.33E-03 
2.SOE-02 
2.51 E+OO 

3.62E-0 1 

7.32E -02 
3.37E-02 
6.86E-03 
1.1 1 E-03 

-- 
23.78 8 0  
11.18 4 8 0  

8.00 3 4 7 2 0  

8.00 108960 

8.00 236200 
8.00 321960 
8.00 425520 
8.00 498560 

7.00 2 0  
7.00 2 0  
9.38 2 0  

39.03 2 0  
62.61 2 0  

129.98 2 0  
364.58 2 0  
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se,parately for all WNRM and WNRB targets that were studied (Figs. 
17 and 18, respectively). 

The perforrriances are very similar below 1 keV for 
targets equipped with moderators, but differences up to a factor of 
about 10 show up above this energy (Fig. 17). 

A rather opposite situation is observed for bare targets. 
Differences of up to a factor of about 6 are noticed below 10 MeV, 
but the performances of the targets are very similar above this 
energy. It can be remarked that the target WNRO now used at WNR 
gives results very close, if not identical, to the maximum values (Fig. 
18). Therefore, this target can be improved only with great difficulty. 

(b) B-plots of tile time-of-,iight distance. The B-plots of 
the TOF distance, L(ED), versus neutron energy for the resolution 
profiles RP1 and RP2 (Figs. 18 and 21, respectively) illustrate at low 
energy the shorter flight paths that can be used for LANSCE and 
WNR. Below a few keV all three facilities need about the same flight- 
path lengths. Above this energy, LANSCE is again obliged to use 
longer flight paths because of its too broad proton pulse. 

(c )  13-plois of the repetition frequency. The B-plots of the 
repetition frequmcy, f b  (or Fb for WVR), versus neutron energy for 
the resolution profiles RP1 and RP2 (Figs. 19 and 22, respectively) 
have the same general behitvior as those of the A-plots, and the 
same comments as those of Sec. IV.7.b can be made. 

arid 10 for RP1 and RP2, respectively. 
The numerical values used in the B-plots are given in Tables 9 

4. Fieid of viey 
The effect of the FOV was not studied in detail for all 

possible configurations. Qualitatively, any reduction in the FOV will 
not only decrease the neutron leakage but may also shorten the time 
spread. The latter may compensate for the former for TOF 
experiments, bus the exact gain (or loss) has to be studied case by 
c<ase, 

As an illustration, the variation in neutron leakage with the 
radius of the FOV, presumed to be circular, is given in Fig. 25 for 10- 
keV neutrons emitted by target WNR4 (with a thickness of 5 cm). 
The neutron leakage with a 10-cm-diam FOV (maximum available at 
WNR) is about 45% that leakage in the absence of collimation. 

The effect of the FOV on the neutron flux at the sample 
position was also calculated as a function of neutron energy using the 
same target WNR4 as above, for resolution profile RP1 and for two 
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TABLE 9 

NEUTRON FLUX, FLIGHT PATH LENGTH, AND REPETITION RATE 
CALCULATIONS FOR ORELA, LANSCE, AND WNR (CASE B) 

A N D  FOR RP1 

En 
(ev) 

'I .00E+00 
'I .00E+01 
1.00€+02 
'I .08E+03 
'I .00E+04 
'I .00E+05 
I .00E+06 
2.00E+06 
4.0QE+06 
1.00E+07 
2.00E+07 

5,00€+07 
1,00€+08 

En 
(eV)  

14.00€+07 

0 m  O r n A  ORELA LANSCE LANSCE LANSCE 

1.6 8 E +O 3 
6.45E+02 
9.45€+ 00 
1.1 1 E -01  
2.07E-02 
4.1 9E-03 
2.52E-03 
1.07E-04 
2.1 9E-85 
6.79E-06 
1.22E-06 
2.36E-07 

11- 

8.90 
10.11 
34 .12  

123.90 
179.05 
254.75 

99.47 
140.78 
199.41 
200.38 
201.98 
205.21 

5.39E-09 21 4.99 

WNRB 

1,00E+00 
1.00E+01 
1.00Ei-02 
1.00E+03 
1.00E+04 
1 .OOE+OS 
1 .OBE+06 
2.08€+06 
4.006+06 
1.08E+07 
2.08E+07 
4.00E+07 
5.0OEcO7 
1 .OBE+O8 
2.00€+08 
3.1 6Ei-08 

1 .19E-05 
1.03E-05 
1 .16E-O3 

1.46E-03 

4.94E-04 
2.08E-04 
4.16E-05 
5.33E-06 

. 7 0  
1 9 5  
1 8 3  
1 6 0  
3 4 9  

1000  
1 0 0 0  
1 0 0 0  
1000  
1000  
1000  
1 0 0 0  

1 0 0 0  

3.06E+06 
3.06E+05 
2.85 E 4 3  
9.98E+00 
1.15E-01 
1.1 9E-03 
1.19E-05 

7.00 2 0  
7.00 2 0  

22.93 20 
122.S9 2 0  
360.99 2 0  

1122.50 2 0  
3547.82 2 0  

WMRB 'WNRh4 WNRM WNRM 

5.81 E+04 
2.48E+02 
9.42E-0 1 
3.67E-03 

492.45 4 0  7.78E-04 
172.68 4 0  1.60E-05 
111.92 2520  7.35E-04 

8.17E-04 

53.99 16160  

44.79 42200 
45.90 56120  

51.21 77880 
48.08 70800  

8.00 4 0  
16.89 4 0  
53.67 4 0  

176.54 4 0  
296.23 4 0  
184.118 4 0  
268.!59 1 0 4 0  

65.'13 13400  
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TABLE 10 

NEUTRON FLUX, FLIGHT PATH LENGTH, AND REPETITION RATE 
CALCULATIONS FOR OWLA, LANSCE, AND WNR (CASE B) 

AND FOR Bp2 

1.00E+00 
l.OOE+Ol 
1.00E+02 
l m 0 0 E + 0 3  
1.00E+04 
1 .OOE+O5 
1.00E+06 
2.00E.1.06 
4.00E+06 
1 .00Et07 
2:. 0 0 E t  07 
4,. 0 0 E + 0 7 
5 .  QO E + 0 7 
1 .OOE+08 

1 . O O E + O O  

1 .OOE+02 
1 .00E+O3 
‘I .00E+04 
.I .00E+05 
‘I .OOE+06 
2.00 E+ 06 
4.0 0 E+ 0 6 
‘I .OOE+O7 
2.00 E+07 
4.00 E + 0 7 
5,08E+07 
1.00E+08 
:2.00 E+ 08 
:3.16€+08 

’6 .&)8E+o1 

ORELA ORELA ORELA LANSCE LANSCE LANSCE 

1.68E+03 
9.47E+02 
5.32E +02 
6.96Ec0 1 
5.92E+00 
4.19E-01 
2.52E-01 
1.07E-02 
2.1 9E-03 
6.19 E -04 
1.22E-04 
2.3 6 E - 0 5 

8.90 
8.90 
8.90 

12.39 
17.90 
25.47 

9.95 
14.08 
19.94 
20.04 
20.20 
20.!52 

7 0  3.06E+06 7.00 2 0  
2 2 2  3.06E+05 7.00 20 
702 3.0 6 E + 0 4 7.00 2 0  

1 0 0 0  9.98E+02 12.26 2 0  
1 0 0 0  1.15E+01 36.10 2 0  
1 0 0 0  1.19E-01 112.25 2 0  
1 0 0 0  1.19E-03 354.78 2 0  
1 0 0 0  
1 0 0 0  
1 0 0 0  
1 0 0 0  
1 0 0 0  

5. :3 9 E - 0 7 21.50 1 0 0 0  

WNRB WNRB WNRB WNRh4 WNRM WNRM - I_- 

6.46€+05 
7.32E+03 
7.88E+01 
3.67E-0 1 

2.1 4 5 0 3  26.81 8 0  1.56E-01 
3.1 OE-02 10.92 4 8 0  1.1 2E-02 
4.61 E+OO 8.00 3 4 7 2 0  7.32 E -0 1 

4.40E-01 

4.66E-01 8.00 108960 

8.76E-02 8.00 236200 
3.95E-02 8.00 321960 
9.04E-03 8.00 425520 
1.42E-03 8.00 498560 

8.00 4 0  
8.00 4 0  
8.00 4 0  

17.65 4 0  
29.62 8 0  
18.49 2 8 0  
26.86 1 0 3 6 0  

8.00 108960 
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FOVs: 30x30 cm:2 and @ = 10 cm. The results of the calculations made, 
using the same methods as before, are plotted in Fig, 26 in the form 
of the ratio of the neutron leakages, the neutron time spreads, and 
the: neutron fluxes for both FOVs. It can be seen that using the 0 = 10 
crrn FQV instead of the 30 x 30 cm2 one has the following 
consequences: (1) the neutron leakage is reduced by a factor that 
decreases with neutron energy from about 3.4 at 1 eV to about 1.5 at 
1 MeV, (2) the standard deviation of the time distribution is 
practically not altered except above 100 keV, where it IS slightly 
reduced, and (3)  the neutron flux is consequently reduced in about 
the: same manner as the neutron leakage. 

The effect of the FOV can also be studied in the same 
miinner for fast neutrons. As an illustration, the calculations were 
made with the bare target W R 3  and the results are plotted in Fig. 
27. The neutron leakage is reduced by a factor that is almost 2 at low 
energy and decreases with increasing energy. The standard deviation 
of the time distribution is also reduced (much more than in the case 
of moderated neutrons) by as much as 2.2 at 10 MeV. As a 
consequence, the behavior of the neutron flux for fast neutrons is 
more complicated than that for moderated neutrons. Although the 
flux for fast neutrons is decreased below 400 keV, it increases above 
that energy by a factor as high as 5.7 at 10 MeV. 

Therefore, although reducing the FOV apparently decreases 
the neutron flux for moderated neutrons and for fast neutrons below 
1 MeV, it can be an advantage for fast neutrons above that energy. 

It may be of interest to note from the inspection of Figs. 26 
and 27 that similar conclusions could have been drawn by using the 
figure of merit 

Nb FOM = (ft2 , 
where Nb is the neutron leakage and crt the usual standard deviation 
of the neutron time distribution, as previously defined by one of the 
authors. 1 1 

5 .  Inclination of the flight Dath 
Changing the inclination of the flight path relative to the 

direction of the proton beam has two consequences: (1)  modification 
of the neutron spectrum and (2) deterioration of the resolution 
function compared with what it is at right angles. 

The neutrons emitted from the bombardment of a tungsten 
target by 800-MeV protons come from two types of interactions: (1) 
direct processes and (2) evaporation and fission. The former 
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component has a hard spectrum that extends to almost 800 MeV and 
is peaked forward, whereas the latter has a softer spectrum and is 
isotropic. Moving the f l ight  path from a right angle to a forward 
angle will therefore harden the spectrum, as illustrated in Fig. 28 for 
the bare target WNRO used at the present time. This procedure is in 
fact the only possibility for making measurements above 400 MeV. 
For moderated neutrons, the change is not very important. 

When the flight path is inclined relative to the normal to the 
exit face of the target-moderator system, neutrons originating from 
different points of this system travel different distances before 
reaching the detector. This is the so-called distance uncertainty, 
called AL. The energy 

It is often 
uncertainty AL into a 

uncertainty A E  that results from it is 
E 

AE = 2 x A L x ~ .  ( 2 5 )  
more convenient to convert this distance 
time uncertainty A t  to compare it with the real 

time uncertainties discussed previously. One then obtains 

This expression has the same energy dependence as that for 
a moderation time. It can be applied when there is no space-time 
correlation in the neutron leakage as is roughly the case for 
moderated neutrons we shall consider first. 

For a circular FOV of diameter a, the distance uncertainty 
can be easily calculated, assuming that a uniform neutron leakage 
occurs over the whole moderator surface corresponding to the FOV. 
For a flight path inclined to an angle 0 relative to the normal to the 
moderator, the: standard deviation Ot of the time spread associated 
with this distance uncertainty is 

For a flight path inclined to 8 = 450, and for an FOV of <P = 10 
crn (the maximum available at WNR), this standard deviation 
amounts to 
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This standard deviation is about 50% more important than a 
typical moderation time. It can be reduced using a smaller FOV by an 
amount equal to the square of the reduction of the distance 
uncertainty. Neutron intensity is, of course, reduced by this 
approach. This solution may be an interesting method to achieve a 
given energy resolution with a shorter flight path. 

The situation is more subtle for fast neutrons because there 
is actually a space-time conelation in the neutron emission as an 
effect of the finite time it takes the incoming protons to cross the 
target. This effect is not seen at right angles relative to the incoming 
proton beam but, shows up at: different angles. It turns out that this 
effect is beneficial at forward angles because there is a kind of 
compensation between the proton and the neutron travel times. The 
neutrons produced near the front end of the target appear earlier 
but with a travel time longer than those produced later near the 
other end of the target; this may compensate for the difference in the 
neutron production times (at least partially). The travel-time 
compensation is total if the knocked-on neutrons are emitted in the 
same direction and with the same energy as the incident protons. 

V. POSSIBLE UPCiRAI)ES 

4,- 
This chapter presents a summary of possible upgrades of 

ORELA, LANSCE, and WNR., previously discussed in this paper. It 
discusses also rnore important upgrades for LANSCE and for WNR 
(namely the use of a proton storage ring), as well as the installation 
of a lead slowing-down spectrometer at the LANSCE-WNR facility. 

l3dxELA 
The ORELA facility is difficult to upgrade, because it was from 

the outset very well designed for neutron TOF experiments. No 
important upgrade can be envisaged without major changes in the 
facility. For example, the increase in  power of the electron beam 
would require major changes in the accelerator itself. A gain of 2 in 
the electron beam power would imply doubling the linac (accelerator 
guide and klystrons). A possible improvement could be envisaged at 
the injection level, for example, with a photo-injector using a laser 
beam. Very intense and short electron bursts might be accelerated in 
this manner. But no information is available on this possibility, which 
seems very futuristic at the present time, as well as on other possible 
upgrades of which we are not aware. 
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c,LANscE 
Several improvements can be made to improve the LANSCE 

performance for epithermal neutrons used with the TOF method. At 
the source level, it may be possible to reduce the proton burst width 
at the exit of the PSR, not by modifying the PSR, but by changing the 
proton load inside the ring, A study has been requested to measure 
the reduction in the proton current I, that would occur when the 
proton pulse width Atb is decreased, while the repetition rate is kept 
the same. If the decrease in Ib is not too important, it may be 
advantageous to run the PSR at a lower current to acquire a gain in 
time resolution and then make measurements at shorter distances 
for a given energy resolution. It is possible also that the repetition 
rate may be increased while decreasing the proton current and the 
pulse width, but this possibility is not considered here. 

As an illustration, we can assume somewhat arbitrarily that 
there is a linear relatioriship between I, and A t b  (FWHM), with a cut- 
off at 12.5 ns (10% the present value), below which the peak current 
drops to zero. This means that the current I, has the following form: 

1, (PA) = 0, for Atb < 12.5, and d t b  > 125. 
The improvement that would result from the reduction of the 

pulse width is given in Figs. 29-34, using the numerical values given 
in Tables 11 and 12 for RP1 and RP2, respectively. 

Also at the source level, a target-moderator system with a 
shorter time spread would make an interesting design, especially one 
with a shorter tail. IR addition, the repetition rate could be increased 
above the present value of 20 Hz, which is small compared with 120 
Nz--the LAMPF repetition rate. 

Another improvement above a neutron energy of about 100 eV 
would be to increase the length of the flight paths. LANSCE has a 
very large intensity, but unfortunately a burst width that is too 
1;uge. Even if it is improved as suggested above, the LANSCE burst 
width cannot compete with those of fast-pulsed machines such as 
ORELA. But LANSCE can overcome this disadvantage by using longer 
flight paths because its higher neutron intensity can compensate for 
smaller solid angles. I1 is unfortunate that the LANSCE flight paths 
are shorter than those of ORELA, whereas its burst width is longer. 
Therefore, longer flight paths would significantly improve LANSCE's 
potential use. 
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TABLE I1  

NEUTRON KUX, FLIGHT PATH LENGTH, AND REPETITION RATE 
CALCULATIONS FOR O W A ,  LANSCE, AND WNR (CASE C) 

AND FOR W1 

O I U  ORELA ORELA LANSCE LANSCE LANSCE 

1 . O O E + O O  
l.OOE+Ol 
1.00E+02 
1.00E+03 
1.00E+04 
1.00E+05 
1.00E+06 
2.00E+06 
4.00Et06 
1 .00Et07 
2.00&+07 
4.00E+07 
5;.00E+07 
1.00'&+08 

l O 6 8 E + 0 3  
6.45E+02 
9.45E+00 
1.1 1E-01 
2.07E-02 
4.1 9E-03 
2.5 2 E - 0 3 
1.07E-04 
2.1 9E-05 
6 J 9 E - 0 6  
1.22E-06 
2.36E-07 

5 . 3  9 E - 0 9 

8.90 
1 O . i  1 
34.12 

123.90 
179.05 
254.75 

99.47 
140.78 
199.41 
200.3% 
201.98 
205.21 

21 4.99 

7 0  3.06E+06 7.00 2 0  
1 9 5  3.06E+05 7.00 2 0  
1 8 3  2.85 E+03 22.93 20 
1 6 0  1 .ll E+01 91.36 2 0  
3 4 9  3.05E-0 1 98.23 2 0  

1 0 0 0  8.63E-03 131.82 2 0  
1000  1.15E-04 361.47 2 0  
1000  
1000  
1000  
1 0 0 0  
1 0 0 0  

1 0 0 0  

1.00E+00 
1 .00E+01 
1 .OQE+02 
1 .OOE+03 
1.01)E+04 
'I .00E+05 
1.00E+06 
2.0 0 E + 06 
4.0 0 E + 0 6 
'1.08E+07 
:!.O%)E+07 
4.00 E+ 07 
l5.00 E + 07 
1.00E+08 
2.00E+08 
0.16€+08 

WNRB 
( 13 in g ) 

6.10E-01 
1.07€+00 
1.73E+00 

1.29E-01 

1.22E-02 
3.79E-03 
5.76E-04 
6.60E-05 

WNRB WNRB 
(Ring) ( R i n g )  

198.37 2 4 0  
173.08 2 4 0  
11 7.95 2 4 0  

92.41 2 4 0  

89.44 2 4 0  
92.97 2 4 0  
99.1 3 2 4 0  

107.38 2 4 0  

WNRM 
( R i n g )  

4.85€+06 
7.09 E+OS 
6.21 E+03 
7.02E+01 
4.48 E+O 1 
1.66€+00 
2.89€+00 
1.09E-01 

8.00 
10.09 
38.1 6 

125.85 
218.14 
185.26 
271.1 6 

99.33 

WNRM 
( R i n g )  

7 8  
1 9 6  
1 6 4  
1 5 7  
2 4 0  
2 4 0  
2 4 0  
2 4 0  

4 3  
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Fig. 33. TOF dlstance as a function of neutron energy for the resolutlon proflle RP2 (Fig. 7) and 
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TABLE i 2  

NEUTRON FLUX, FLIGHT PATH LENGTH, AND REPETITION RATE 
CALCULATIONS FOR OKELA, LANSCE, AND WNR (CASE C) 

AND FOR RP2 

ORELA ORELA ORELA LANSCE LANSCE LANSCE 

'I .00E+00 
1 .OOE+01 
'I .0OE+02 
'I .00€+03 
'I .OBE+04 
'1 .OOE+05 
1.00E+06 
:2.00 E+ 06 
4.00E+06 
1 .OQE+07 
2.00E+07 
4.00 E + 0 7 
5.00E+07 
1.00E+08 

- 
1.68E+03 
9.47E+02 
5.32E+02 
6.96E+01 
5.92E+00 
4.1 9E-01 
2.52E-01 
1.07E-02 
2.1 9E-03 
6.79E-04 
1.22E-04 
2.36E-05 

5.39E-07 

8.90 
8.90 
8.90 

12.39 
17.90 
25.47 

9.95 
14.08 
19.94 
20.04 
20.20 
20.52 

21.50 

7 0  3.06E+06 7.00 20 
2 2 2  3.06E+05 7.00 2 0  
7 0 2  3.06E+04 7.00 2 0  

1 0 0 0  1.1 1 E+03 9.14 2 0  
1000 3.05E+01 9.82 2 0  
1000  8.63E-01 13.18 2 0  
1000  1.1 SE-02 36.15 2 0  
1 0 0 0  
1000  
1 0 0 0  
1000  
1000  

1 0 0 0  

.- 
1.00E+00 
l.OOE+Ol 
1.00E+02 
1.00E+03 
1.0QE+04 
1.00E+Q5 
1 .OOE+06 
2.00E+06 
4.00€+06 
1.00E+07 
2.0OE+07 
4.00Ei-07 
5.OOEc07 
1.00E+08 
2.08E+08 
3.1 6E+08 

WNRB W N U B W N R B  
( R i n g )  ( R i n g )  ( R i n g )  

6.1 OE+01 19.84 2 4 0  
1.07E+02 17.31 2 4 0  
1.73E+02 11.79 2 4 0  

1.29E+01 9 -24 2 4 0  

l O 2 2 E + 0 0  8.94 2 4 0  
3.79E-01 9.30 2 4 0  
5.76E-02 9.91 2 4 0  
6.60E-03 10.74 2 4 0  

WNRM 
( R i n g )  

4.85€+06 
1.71 E+06 
2.09 E+05 
1.07E+04 
4.48E+03 
1.66E+02 
2.89E+02 
l.OQE+Ol 

WNRM 
( R i n g )  

8 -00 
8 .OQ 
8.00 

12.58 
21 . a i  
18 -53  
27.1 2 

9.93 

WNRM 
( R i n g )  

7 8  
2 4 0  
2 4 0  
2 4 0  
2 4 0  
2 4 0  
2 4 0  
2 4 0  

- -  
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D, WNR 
Tlnerc is a region in energy where the LANSCE-WNR complex cannot 
compete with ORELA. The low-energy end of this gap is in the 100- 
eY to 1-keV region because of nhe limitations of LANSCE discussed 
above. The high-energy end of  this gap is in the MeV region because 
WNK is penalized by its time structure at lower energies. WNR takes 
over above a few MeV because (1) its neutron spectrum is much 
harder than that of ORELA, (2) the width of the WNR microbursts is 
much smaller than that of the ORELA bursts, and (3) the number of 
microbursts per second at WNR can be increased above the ORELA 
maximum repetition frequency of 1,000 Hz. But  even in this energy 
range, WNR could do better with a more suitable time structure. 
Several improvements to WNR can therefore be suggested. 

(1) WNR could be equipped with a target-moderator system to 
produce moderated neutrons. This possibility has already 
been anticipated because two target mechanisms are 
already available. This simple addition would enable users 
to make measurements with reasonable accuracy below 
about 100 keV, though with a lower flux as at ORELA. 

(2) More attention should be given to those flight paths at right 
angles that are the best suited for high-resolution 
measurements, especially with moderated neutrons. At the 
present time, most of the WNR flight paths are 
predominantly at forward angles. This is justified for 
measurements with very high-energy neutrons. But  for 
measurements at lower energies, smaller inclination angles 
9 are preferable. Although two flight paths exist at right 
angles, their lengths are very short (7 and 8 m) and should 
be extended, though the extension may be limited for 
practical reasons. 

( 3 )  

(4 )  

The irepetition rate of the macrobursts could be increased 
beyond its present value of 40 Hz by simply upgrading the 
switchyard kicker. 

The main improvement should be made on the time 
structure, which is not suited for TOF experiments over a 
wide neutron energy range. Although the time structure 
was greatly improved with the PSR for LANSCE, its use, as 
was discussed above, is restricted to low energies. A 
similar improvement could be considered for WNR, 
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whereby a PSR would preserve the original fine structure 
of the protan beam. A similar project was already 
contemplated several years ago as the short-bunch mode 
of operation for PSR.12 As an illustration, we can make an 
estimate of the gain in neutron flux that could be expected 
from the ring we have in mind. This can provide at least a 
basis from which the experts can make a feasibility study 
from a concrete request. 

In order to estimate the gain in neutron flux that could be 
obtained, the following assumptions are tentatively made, 

( 1 )  The repetition frequency of the WNR macrobursts is kept 
to 40 Hz for consistency with the previous calculations. 

(2 )  The LAMPF linac is operated in the bunched mode with a 
time interval of 60 ns between two successive micropulses 
(instead of a minimum of 360 ns at the present time). 

:= 104 micropulses in each macropulse 6 . 2 5  x 105 
6 0 These 

are stored' in the ring during the whole duration of the 
macropulse. The consequences of the H- beam loading in 
the linac are not considered here. 

( 3 )  The storagc of these micropulses is synchronized in such a 
way that they are stacked one on the other in six pulses. 
Therefore, at the end of the macroburst, there are six 
bursts in the ring, each one resulting from the stacking of 
1.7 x 103 micropulses separated by 60 ns. 

(4 )  The storage is such that the microstructure is preserved, 
with each of the six pulses in the ring having a duration of 
about 1 ns. 

( 5 )  The storage can last as long as the time duration between 
two rnacrobursts: 24.375 ms. 

(6)  These stored pulses can be ejected at regular 4-ms 
intervals during this time duration of 24.375 ms. 

The net result of this storage is that WNR would run with 1-ns 
microbursts, each one consisting of 5.2 x 1012 protons at a repetition 
rate of 40 x 6 = 240 Hz. 
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The results that would be obtained with such a ring installed at 
WNR are given in the same: manner as previously in Figs. 29-34 
wing the numerical values presented in Tables 11 and 12 for RP1 
arid RP2, respectively. 

The improvement that would be obtained in neutron flux with 
the use of such a PSR is spectacular over the whole energy range. 

For example, for RP1 and for moderated neutrons, the gain in 
neutron flux with the iise of a PSR would be very substantial and 
increase steadily with neutron energy, from 83 at 1 eV to about 5 . 7 ~  
'104 at 100 keV. Equipped with a PSR, WNR would then match 
LANSCE at very low energy and even provide a bigger neutron flux 
at higher energy by a factor af 6 at 1 keV. With a PSR, WNR would 
provide neutron fluxes higher than those of ORELA by 2 to 3 orders 
of magnitude over the entire range of moderated neutrons. 

Also for RP1, but for fast neutrons, the use of a PSR would 
greatly improve the WNR capability over the whole neutron energy 
range. Improvements would range from 5 orders of magnitude in the 
100-keV region to about a factor of 12 in the 100-MeV region. The 
great advantage, at high energy, of the existing WNR over LANSCE 
and ORELA would then be enhanced. 

Similar conclusions can be drawn for RP2. 
Therefore, the use of a PSR at WNR would give this facility a 

tremendous upgrade that would make it by far the best TOF facility 
in the world for neutron-nuclear physics. WNR equipped with a PSR 
would be far superior to ORELA even in the 1-keV to 1-MeV range 
where ORELA has some advantage at the present time. The great 
value of undertaking a feasibility study of such a ring is evident. 

It  should be pointed out that the above assumptions may have 
to be changed, taking into account the results of the feasibility study 
and also a more thorough assessment of the experimental 
re  q CI i r e men 1: s . 

I ,ead slowin~g-down spectromete1 
The use of the neutron TOF method described above is very 

powerful, especially because it makes possible simultaneous 
measurements over a very wide energy range with a great number 
of energy points and great precision. But this TOF method uses only 
those neutrons that are emitted into a very small solid angle and 
therefore wastes a great number of neutrons. 

Another approach consists i n  using the slowing-down 
properties of neutrons inside: a given medium of large dimensions. 
W h e n  a pulsed point source of neutrons of a given energy is placed 
in this medium, the neutrons migrate away from the source while 
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being moderated. At a given distance from the source, a correlation 
exists between the time of arrival of the neutrons and their energy. 
The heavier the material surrounding the source is, the more 
pronounced this correlation becomes. 

It can be shown that, when a very short burst of fast neutrons 
is injected at a given time in an infinite medium of nuclei having 
mass number A, the slowed-down neutrons have the following time 
properties: 

3A x ( A  + 1)  
and 3 A  - 1 <x> = 

" 1  (31 )  
3(A + 1)2 x ( 2 A  - 

Var(x) = <x%> - <x>2 = - (3A - l j 2  

where x = v n  h- (vn and tn are the velocity and the slowing-down 
l n  

time of the neutron, respectively), and ln is the mean free path, 
assumed to be constant at low energy.11 

Eqs. 30 and 31 show that the relative width of the time 
distribution function i s  given by 

for A >> 1. 
This expression shows the importance in using a heavy 

material such as lead, which, in addition, has a low-absorption cross 
section. The resolution that can be obtained in this manner is 
mediocre (about 30% in actual practice), but the great advantage is 
that the neutrons are kept in the moderating material, and, 
consequently, large neutron fluxes at the sample position are 
a v ai lable. 

Such a spectiometer is installed at the linac of the Rensselaer 
Polytechnic Institute (RPI) and is called the Rensselaer Intense 
Neutron Spectrometer (RINS). Experiments carried out with this 
spectrometer showed count rates superior by a factor of 103 to 104 
to those obtained with the conventional TOF method at the shortest 
available distance.l3 

In measurements using the RINS, the relation between the 
energy En and the slowing-down time tn is given by 
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165000 
En = ( t n  + 0.3)2 ’ (33)  

where En and 
r espec t i  vel y o  

Equation 

tn  are expressed in eV and in microseconds, 

33 shows that a similar relation would hold for a 
conventional TOF measurement with a flight path of 5.6 m. However, 
a much better resolution would be obtained by conventional TOF 
rn e t h o d s . 

Fission cross-section measurements of 247Cm, 25oCf, and 254E s 
were recently made with the RINS.14 As an illustration, the 247C m 
fission cross section thus obtained with a sample of 3.16 pg of 247C m 
is presented in Fig. 35. 

From the count rates recorded with the RINS, it  seemed that a 
more conventional TOF measurement (in beam geometry), made at 
LANSCE with the same fission chamber and a short flight path, would 
compete very well with the RINS results. 

These considerations stimulated a recent measurement of the 
same fission cross sections at LANSCE with the same fission chamber 
and a flight path of 7.25 m (close to the shortest available distance). 
These results are illustrated in Fig, 35 where the 247Cm fission cross 
section thus obtained is plotted as a function of the neutron energy.14 

Comparison of the RINS and LANSCE data in Fig. 32 shows that 
the RINS can correctly detect the first resonances in the 247Cm fission 
cross section. Bu t ,  above these first resonances, the resonance 
structure in the RPI results is washed out by the poor resolution of 
the lead slowing-down spectrometer. On the contrary, the LANSCE 
results clearly show the existence of a detailed resonance structure 
and thus demonstrate the much better energy resolution (about 10 
times better) obtained at LANSCE compared with that of RPI. 

The count rates per burst are comparable for both 
measurements, whereas the average count rate at LANSCE is about 
30% that at the RINS. 

These measurements demonstrate the strong potential of 
LANSCE for making measurements in a conventional geometry with 
very small samples, in microgram or even submicrogram quantities. 
But these measurements demonstrate also the strong interest in 
using a lead slowing-down spectrometer with the PSR proton beam. 
Count rates still higher by 3 to 4 orders of magnitude would then be 
obtained, Measurements with even smaller samples would then 
become possible. For  example, the  fission cross-section 
measurements referred to above, made with microgram quantities, 
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could become possible with quantities as small as nanograms or even 
a fraction of a nanogram.15 

It must be noted that the use of a lead slowing-down 
spectrometer with an electron linac such as that of RPI is limited in 
neutron flux not by the available electron beam power from the 
accelerator b u t  by the heat produced mainly from the 
bremsstrahlung and dissipated in  the lead spectrometer. Therefore it 
does not seem possible to increase the neutron flux in a lead slowing- 
down spectrometer with more powerful electron machines, such as 
ORELA. On the other hand, lead slowing-down spectrometers can be 
used with higher fluxes on proton machines, such as the LAMPF-PSR 
facility, that are free of bremsstrahlung. Higher neutron fluxes may 
be: limited by other factors and a feasibility study would be 
necessary to clarify these que:stions. 

VI. CQNCLUSION 

The use of the LAMF'F 800-MeV proton beam has already 
proved to be an excellent method for neutron production via 
spallation reactions. The full 1-mA proton beam, if it were totally 
used for that purpose would yield about 1017 neutrons s-1, a factor of 
1 0 3  greater than at OWLA. 

But LAMPF, which was initially designed for intermediate- 
energy physics experiments, has a time structure not suited for 
neutron TOF spectroscopy. Therefore, to take full advantage of the 
great potential of LAMPF for neutron nuclear physics, the facility's 
time structure should be modified. 

A great step forward was already made toward the use of 
LAMPF for such neutron work with the. construction of the PSR now 
in operation at LANSCE. The time structure of LANSCE equipped with 
thle PSR is well suited for studies with low-energy neutrons in the 
field of condensed matter. It is also well suited for nuclear physics 
studies with epithermal neutrons up to near 1 keV, and it is clearly 
superior to ORELA in this energy range. Note that LANSCE may have 
been underestimated for some experiments because our calculations 
took into account the standard deviation, not the shape, of the 
rr:solution function. Above about 1 keV, LANSCE is penalized by the 
width of a proton burst that is too wide and also by its moderator 
which gives too wide a time distribution. The width of the proton 
burst delivered by the RSR may be reduced at the cost of decreasing 
the intensity, but measurements need to be made to substantiate this 
possibility, which is expected to provide a substantial gain. 
Compensating for the relatively broad proton pulse now available at 
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LANSCE would require increasing the length of the flight paths--but 
at a loss of intensity and with physical limitations that need to be 
considered. Also, the target-moderator system could be improved to 
provide a narrower time-resolution function. 

The WNR target is not presently equipped with a moderator, 
and, consequently, cannot compete with ORELA below about 1 MeV. 
Therefore, the LANSCE-WNR complex now presents a gap in the 1- 
keV to 1-MeV range that restricts the possibilities of this facility. As 
an1 illustration, a high-precision measurement of the total cross 
section of lead below 50 keV--a measurement aimed at determining 
the electric polarizability of the neutron--was first made at Harwell 
and then repeated with better precision at ORELA; however, this 
measurement cannot currently be done at Los Alamos National 
Laboratory. Therefore, WNR should also have a target with a 
moderator. But even in that case, WNR would have a lower flux than 
ORELA, because the WNR time structure is based on that of LAMPF 
and, so, is not the best suited for conducting TOF studies. Neutron 
work is carried out with an enormous waste of intensity by the need 
to eliminate most of the microbursts. 

With the existing time structure of LANSCE and WNR, the 
L.ANSCE-WNR complex is superior to ORELA below about 1 keV and 
above about 1 MeV, but ORELA overtakes in this 1-keV to 1-MeV 
interval and would still do so even if WNR is equipped with a target- 
moderator system. The study of many targets with moderators has 
demonstrated that the advanta.ge of ORELA in this 1-keV to 1-MeV 
range cannot be overcome by a suitable WNR target. 

Though WNR can be improved by the addition of a good target- 
moderator systern and by the modification of the flight paths (length 
and orientation), the major upgrade would nevertheless be the 
irnprovement of the time structure by stacking the microbursts in a 
PSR that would preserve the existence of these microbursts. Gains as 
high as 4 or 5 orders of magnitude could then be obtained in some 
energy ranges (for example, around 100 keV to 1 MeV). WNR would 
then become the most intense neutron source in the world 
(equivalent to LANSCE at low energy) and would exceed ORELA by 2 
to 3 orders of magnitude below 1 MeV and even more for energies 
greater than a few MeV. 

Finally, the installation of a lead slowing-down spectrometer, 
using the protori beam from the PSR, would make some cross-section 
measurements possible with minute samples, as small as nanogram 
quantities for fission studies. This would open a new field of 
measurements with very rare or very radioactive samples for which 
no measurements are now possible on any existing neutron source. 
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For example, the fission cross section of the 235U isomeric state (TH = 
26 min, Jn  = %+) could be measured for the first time in the resonance 
region. 

In summary, the LANSCE-WNR complex is already a very good 
neutron source used over a very wide neutron energy range for 
many purposes. But it is not used at its full potential yet because the 
initial construction of LAMPF was not meant for that purpose. If the 
upgrades proposed above could come to fruition, then the LANSCE- 
WNR facility would become the best pulsed neutron facility in the 
world over a very wide energy range from subthermal neutron 
energy to almost 1 GeV. I t  would far exceed the best existing 
facilities by a factor that could be as high as 3 or 4 orders of 
magnitude in some energy regions. 

Such a facility would play a very important and unmatched 
role i n  providing the basic neutron-nuclear scientific and technical 
da.ta that will be needed for the development of nuclear energy, 
whether for the design and the operation of nuclear energy systems 
(fission and fusion) or for the fuel cycle (nuclear incineration of 
ha,zardous nuclear waste, for example). Nuclear-data needs may also 
arise from other developments like very intense spallation-neutron 
sources. Also, the availability of much greater neutron fluxes could 
trigger a renaissance of basic neutron physics over a very wide 
energy range. 

Note that all the proposed upgrades presented in this report 
leave the LAMPF accelerator itself untouched. The proposed 
upgrades try simply to make a better use of the existing LAMPF 
proton beam. This means that the investment costs of these 
improvements would stay within reasonable limits. 
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AI’PENDEX A 

BASIC FORMULAS USED IN NEUTRON TIME-OF-FLIGHT SPECTROSCOPY 

The neutron TQF can be derived from the basic relation 
between the kinetic energy En and the momentum Pn of the neutron. 
In a relativistic treatment, the neutron total energy ET (including the 
rest-mass energy) is given by the following relation: 

Elementary algebra gives the following relation between the 
TOF and the kinetic energy: 

where tn is the TOF of the neutron over a distance L. 

The low-energy limit (En Q M n c 2 )  leads to the well-known 
expression 

The relativistic correction Rt to the TOF, defined as the ratio of 
the relativistic to the classical values, is obtained by the ratio of Eqs. 
(A.2) and (A.3): 

]1/2. (A.4) tn(relativistic) En(En + 2Mnc’) + (Mnc2)’ 
(En + 2Mnc’) x Mnc’ I i t  = t,(classical) = [2 x 

When developed to first order at low energy, this expression 
r eads  

The relativistic correction to the TOF is therefore about 1% for 
14-MeV neutrons. 
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The energy spread AEn associated with a time spread A t ,  is 
obtained by differentiating both sides of Eqs. (A.2) and (A.3) for the 
relativistic and classical cases, respectively. One then obtains 

for the relativistic case, and 

for the classical case, is in A t n  where AEn and En are in eV, and 
microseconds per meter. 

The relativistic correction Re to the energy spread, defined 
again as the ratio of the relativistic values to the classical values, is 
given by the ratio of Eqs. (A.6) and (A.7) as 

When devr:loped to first order at low energy, this relativistic 
correction then reads 

3E Re=: 1 +4Mn:~ + ... . (A.9)  

The calculations presented in Chapter IV were made with the 
ex.ac t relativistic expressions. 
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APPENDIX B 

SHAPES OF THE I M S C E  TIME-RESOLUTION FUNCTIONS 

The time profile of a burst of moderated neutrons emitted at 
LANSCE depends on the time distribution of the incident proton burst 
and the time response of the: target-moderator system. 

The shape of the proton burst, g(t), from the PSR is reasonably 
well approximated by an isosceles triangle with an FWHM of 125 ns 
(and a standard deviation 01, = 51 ns). The response of the target- 
moderator system, f(t), with a standard deviation O t m ,  is derived 
from Monte Carlo calculations and depends on the geometry and 
composition of both the target and the moderator. The overall shape 
of the neutron burst, F(t), at the exit of the moderator is the 
convolution of the functions f(t) and g(t): 

F(t) = g(t') * f(t' - t) dt'. (B.1) 

We have calculated the function F(t), using Eq. B.1 and the 
kinown functions f(t) and g(t), for incident energies of 1 eV, 10 eV, 
100 eV, 1 keV, 10 keV, and 100 keV. The standard deviation ot of 
the function F(t) can be obtained either by adding ob and Btm i n  
quadrature, as in the text, or by numerical integration, using directly 
the function F(t) calculated with Eq. B.I. These two methods give very 
similar results, as expected. The values of o t m  and of ot are given in 
Table B.I. This table illustrates that, below about 100 eV, the value of 
ot is dominated by that of OLm, which is greater than ob = 51 ns. At 
higher energies, the effect of the proton pulse becomes more and 
more important with energy. 

An additional complication is that the function, F(t), is not a 
Gaussian at least at low energies. Frequently, this function is 
asymmetric with a tail that may extend to long times, and this tail 
may contribute significantly to the calculation of the standard 
deviation ot. In such cases, it is not correct to assume that the FWHM 
of F(t) is simply 2.34 x at. When the function F(t) is very asymmetric, 
with a long tail, its FWHM may be significantly smaller than 2.34 x ot. 

For simplification, let us assume that the asymmetric time- 
resolution function, F(t), can be assimilated to a Gaussian, having ag 
for standard deviation and a reduced flux, accompanied by a tail that 
takes the rest of the flux. The fraction of the neutron flux in the 
Gaussian part, relative to the total flux, is called fI. 
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The effect of such an asymmetric shape of F(t) on a 
measurement is difficult to assess because it depends on the 
experiment. For example, if the  study is made on a single well- 
isolated resonance, the asymmetric resolution function will broaden 
the shape of the resonance, and the observed shape will also be 
asymmetric. However, the FWHM of the measured shape will be very 
close to that obtained with the Gaussian part of the resolution 
function only. In addition to distorting the shape of the resonance, 
the tail will add some background in the measurement. For more 
complicated cases, such as for cross sections composed of closely 
spaced resonances, the effect of the tail is much more difficult to 
assess but can lead to serious difficulties when analyzing the data. 

At best, we can consider that only the Gaussian part of F(t) 
plays a role in the estitnate of the experimental resolution, with the 
taill ignored and considered as background only. 

Listed in Table B.1 are the values of og derived from the shape 
of F(t) and the ratios R = ot/og, which are always greater than one, as 
expected. If the tail can lie neglected, t h e  flight-path lengths 
calculated for LANSCE in this report should be decreased by the same 
factor R, and the flux at the end of these shorter flight paths should 
be multiplied by NI = R2 x fI (also given in Table B.1). 

Therefore, the calculations presented in the text may 
underestimate LANSCE, particularly at low energy. The amount of the 
underestimation is difficult to evaluate because it depends on the  
energy and on the experiment that is considered, but the values of NI 
obtained in the above 

En 
( e v )  

1 
1 0  
102 

.-- 

103 
104 
105 

1.8 
1.1 
0.48 
0.20 
0.068 
0.022 

provide an upper limit of this amount. 

TABLE B.1 

ut 
(P) 
-- 
1.9 
1.2 
0.55 
0.21 
0.086 
0.065 

% 
(PS) 

0.73 
0.27 
0.13 
0.08 
0.07 1 
0 .06 1 

2.6 0.86 5.7 
4.3 0.79 14.4 
4.4 0.8 1 15.4 
2.7 0.8 1 5.7 
1.2 0.96 1.4 
1.1 1 .o 1.1 
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APPENDIX C 

CHARACTERISTICS OF 'TARGETS CONSIDERED FOR WNR 

The targets considered for WNR are all made of tungsten with 
a total length of either 30 cm with a re-entrant hole of 5 cm or 25 cm 
without a re-entrant hole. These lengths have been chosen to match 
the range of 800-MeV protons in tungsten, which is about 25 cm. 
S w h  long target lengths give the maximum neutron output without 
pe:nalty on the distance uncertainty because we consider neutron 
beams perpendicular to the proton beam only. But  a long length may 
also increase the neutron timLe spread because of the time it takes 
the incident protons to cross the target. This last effect is discussed in 
Se:c. 1V.G. 

The set of three WNRB targets consists of 

(1) a cylinder having Q = 3 cm and 1 = 30 cm (called WNRl), 
which is very similar to the target being used now except 
for the length; 

( 2 )  a parallelepiped having a square cross section of 3 x 3 cm* 
and a length of' 30 crn (called WNR2); and 

(3) a slab having a thickness of 3 cm and a lateral area of 30 x 
30 cm* across the direction of the flight path (called WNRL). 

A re-entrant hole of 0.5 cm in diameter and 5 cm in depth has 
been bored in these three targets to increase the neutron production. 

The set of three WNRM targets consists of 

(1) a cylinder, which has + = 3 cm and 1 = 25 cm, immersed in a 
water moderator that has a slab shape with an area of 30 x 
30 cm2 across the neutron beam and a thickness varying 
between 5 and 1 1  cm. This type of target is called WNR4. 

(2) a cylinder, which has = 3 cm and 1 = 25 cm, immersed in a 
water moderator that has the shape of a parallelepiped of 9 
x 30 cm2 area across the neutron beam and a thickness of 9 
cm. This type of target is called WNRS. 

(3) a slab, which has a cross-sectional area of 30 x 30 cm* and a 
thickness of 3 cm, sandwiched between two slabs of water 
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of equal thicknesses with the same area of 30 x 30 cm*. The 
overall thickness of this target-moderator system (called 
WNR6) varies between 7 and 11 cm. 

All WNRM targets have a hole (3 cm in diameter and 5 cm in 
depth) either in the moderator (WNR4 and WNR5) or in the tungsten 
(WNR6) in their front side to increase the neutron production, 
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LIST OF SYMBOLS 

C 

f b  

Nlk 

'R 

RA 

Teff 

4, 
Ob 

Oi 

Velocity of light. 
Repetition frequency of the charged-particle bursts for ORELA 
and for LANCE.  
Frequency of the radio wave for ORELA. 
Maximum repetition frequency of the charged-particle burst. 
Neutron momentum. 
Neutron velocity. 
Neutron TOF. 
Duty cycle of the charged-particle burst, averaged over any 
p o s sib 1 e micros t r 11 c t ur e. 
Incident neutron energy. 
Repetition frequency of the proton bursts for WNR. 
Average current of the proton beam. 
Energy in a charged-particle burst. 
Length of the flight path. 
Minimum value of the flight path length. 
Neutron mass. 
Neutron emission per burst, expressed in neutrons per burst, 
per eV, and per steradian. 
Neutron leakage from the source, expressed in neutrons per 
steradian, per MeV, and per incident proton for LANSCE and 
WNR and expressed in neutrons per steradian, per eV, and per 
joule of electron energy for ORELA. 
Number of microbursts in a charged-particle burst. 
Peak power of the 0R.ELA electron burst, averaged over the 
microstructure. 
Nominal resolution in SR TOF experiment, obtained as the ratio 
of the neutron time spread, Atn, to the flight-path length, ?.. 
Maximum recoil energy of a nucleus with mass number, A, 
struck by a neutron of energy, En. 
Effective temperature used in the Doppler broadening in a TOF 
experiment made with a sample at temperature T. 
Diameter of the cylindrical tungsten target for WNR. 
Standard deviation of the charged-particle burst. 
Standard deviation of component, i, in the overall time- 
resolution function. 
Standard deviation of time distribution brought about by the 

I 

moderator. 
ot Standard deviation of the time-distribution function. 
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os Standard deviation of the transit times of the electrons, the 
photons, and the fast neutrons inside the ORELA target. 

(Jtm Standard deviation of the neutron time spread in the target- 
moderator system, assuming that the charged-particle burst is 
a 6-function in time. 

cm Standard deviation of the Doppler broadening. 
z Mean neutron collision time in the moderator. 
CE Standard deviation of the energy-resolution function. 
c r ~ ~  Value of ot obtained with a flight-path length, Lm. 
A Doppler width. 
A t b  Charged-particle burst width. 
A t n  Neutron lime spread. 
A t t m  Neutron time spread in the target-moderator system. 
ALEn Neutron energy spread associated with time spread, At,. 
A,L Distance uncertainty in a TOF experiment. 
Q, Diameter of a circular FOV. 
abD Neutron flux. 
r Natural width of a neutron resonance (FWHM). 
Qi Inclination of the flight path relative to the normal to the 

moderator. 
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Fig.1. Simplified schematic of the LAMPF beam transport system. The macropulses 
lire indicated as an illustration of the modes of operation of these facilities. 



Fig. 2. Flight-path layout of the LANSCE target area. Flight paths labeled 2,4, and 5 are dedicated 
to nuclear-physics experiments. Flight path 2 presently has a length of 60 m and is used for poiar- 
ized neutron studies of parity violation. Flight path 4 has a 4~ BaF2 detector for capture measure- 
ments on radioactive samples. Flight path 5 is used for the study of transient phenomena by Bragg- 
edge diffraction. The other neutron beam lines are used for condensed-matter studies with spectro- 
meters indicated for each beam line. 
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Fig. 3. Time structure of the charged-particle beams of the ORELA, LANSCE, and 
WNR facilities. These figures are given as illustrations and are not drawn to scale. 



Fig. 4. General layout of the WNR experimental yard. 
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Fig. 5. Simplified representation of the instantaneous power Pe (in joules 
per nanosecond) in the electron burst at ORELA, averaged over the fine 
structure in the burst, as a function of the burst width A t  b (in nanoseconds) 
between 2 and 24 ns. Bursts shorter than 2 ns cannot be obtained because 
of limitations in the electron gun. Bursts longer than 24 ns are not worth 
using for TOF experiments because they do not increase the energy of the 
electron burst while being detrimental to the energy resolution. 
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Fig. 6. General layout of the ORELA facility. 
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Fig. 7. Standard deviation of the energy-resolution profiles RP1 and RP2. 
The standard deviation for the Doppter effect calculated with Teff = 300 K, 
and A = 100 is also shown for comparison. 
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Fig. 8. WNR targets used in the calculations. The WNRB targets are made of tungsten only, 
whereas the WNRM targets are made of tungsten surrounded by water used as a moderator. 
All dimensions are given in centimeters. 
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Fig. 9. The calculated and measured fast-neutron energy spectra at ORELA 
obtained with a Ta target bombarded by 1WMeV electron beam? The dash- 
ed line represents the results of the calculations.~ The solid and dotted lines 
represent the results of the measurements10 with corrections to take into 
account the attenuation of uranium filters and of the air along the flight path. 
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Fig. 10. The calculated fast-neutron spectrum at ORELA with Ta and Be targets 
bombarded by a 150-MeV electron beamg These targets are supposed to be 
infinite in the direction perpendicular to that of the incident electron beam (r = -) 
but with thicknesses of 1 arid 20 radiation lengths (RL) along the direction of the 
electron beam. 
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Fig. 11 I Neutron flux as a function of neutron energy for the resolutlon profile RPI (Flg. 7) and for the 
three fac~llltles: ORELA, LANSCE, and WNR, as they presently exist (A-plot). 
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Fig. 12. VOF distance as il function of neutron energy for the resalutlon pmflle RP1 (Flg. 7) and for the 
three facilltles: ORELA, LANSCE, and WNR, as they presently exist (A-plot). 
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Fig. 13. Repetltlon frequoncy as a lrunctkm of neutron energy for the resolutlon profile RP1 (Flg. 7) 
and for the three facllltles: ORELA, LANSCE, and WNR, as they presently exlst (A-plot). 
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Fig. 14. Neutron flux a t  a functlon of neutron energy for the resolutlon proflle RP2 (Flg. 7) 
and for the three facllltles: ORELA, LANSCE, and WNR, as they presently exlst (A-plot). 
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Fig. 15. TOF dlstance as a function of neutron energy for the resolution profile RP2 (Flg. 7) 
and for the three tacllltles: ORELA, LANSCE, and WNR, as they presently exlst (A-plot). 
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Flg. 16. Repetftlon frequency as a function of neutron energy for the resolution proflle RP2 (Fig. 7 )  
and for the three facllltlas: ORELA, LANSCE, and WNR, as they presently exist (A-plot). 
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Fig. 17. Neutron flux as a function of neutron energy for the resolution profile RP1 (Fig. 7) 
and tar the three facllltles: ORELA, LANSCE, and WNR, sllghtly upgraded (B-piot). 
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Flg. 18. TOF dlst8IXe 8s a function of neutron energy for the resolution proflle RP1 (Fig. 7) 
ancl for the three facilities: ORELA, LANSCE, and WNR, slightly upgraded (B-plot). 
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Fig. 19. Repetition frequency as a hrnctlon of neutron energy for the resolution profile RP1 (Fig. 7) 
and for the three facilities: ORELA, LANSCE, and WNR, silghtly upgraded (B-plot). 

Neutron Energy (eV) 
Fig. !XI. Neutron flux as a functbn of neutron energy for the resolution proflie RP2 (Fig. 7) 
and for the three facilltW: ORELA, LANSCE, and WNR, sllghtly upgraded (B-plot). 
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Fig, 21. TOF distance as a functlon of neutron energy for the resolution proflle RP2 (Flg. 7) 
and for the three facllttles: ORELA, LANSCE, and WNR, sllghtly upgraded (B-plot). 
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Fkg. 22. Repetltion frequency as a function of neutron energy for the resolution profile RP2 
(Fig. 7) and for the three facilltles: ORELA, LANSCE, and WNR, slightly upgraded (B-plot). 



Neutron Energy (eV) 
Flg. 23. Comparlson of WNRM targets in terms of the maxlmum and mlnimum neutron fluxes 
obtalinedl wlth all the WNRM targets considered in the calculations. 
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Flg. 24. Comparlson of WNRB targets In terms of the maxlmum and mlnimum neutron fluxes 
obtained with all the WNRB targets considered in the calculatlons,. The neutron flux obtained 
with the WNRO target (presently useid at WNR) is also plotted for cornparlson. 
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Flg. 26. Calculated effect of 8 IO-cmdiam FOV for exprlments carsled out wlth target WNR4 
(thlckneso of 5 cm). This effect Is calculated by making the ratios of the neutron leakage, the 
standard deviation of the neuton time dtstrlbution, the neutron flux, and the flgure of merit 
(defined In the text), as calculated with a fuiiy open t:OV of 30 x 30 cm2 to those obtalned wlth 
a 10-cm-cliam FOV, respectively. The calculations are made for the resolution profile RP1. 
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Fig. 27. Calculated effect of a lO-em-diam FOV for experiments carried out with target WNR3 
(thicknes of 5 cm). This effect is calculated by making the ratio of the neutron leakage, the 
standard devlation of the neutron time dlstributlon, the neutron flux, and the flgure of mertt 
(defined In the text), as taiculated wlth a fully open FOV of 30 x 30 Cm2 to those obtained 
with 81 10-cm-diam FOV, respectively. The calculations are made for the resolutlon profile RP1. 
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Flg. 28. Effect of the emission angle on tiw neutron spectrum. This figure represents the 
calculated neutron energy spgctta for target WNRO (presently used at WNR) at 90" and 
15" raiatlve to the incident proton beam. 
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Fig. 29. Neutron flux as a functfon of netrtron energy for the resolution profile RP1 (Fig. 7) and for 
the three facilities: ORELA, LANSCE, and WNR, upgraded as described in the text (C-plot). 
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Fig. 30. TOF distance as a function of neutron energy for the resolution proflle RP1 (Flg. 7) and 
for the three faclltties: ORELA, LANSCE, and WNR, upgraded as described In the text (Gplot). 
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Fig. 31. Repetition frequency a8 a function of neutron energy for the resolution profile RP1 
(Fig. 79 and for the three facllltks: ORELA, LANSCE, and WNR, upgraded as described in 
the text (Gplot). 
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Fig. 32. Neutron flux as a function of neutron energy for the resolution profile RP2 (Fig. 7) and for 
the three facilfties: ORELA, LANSCE, and WNR, upgraded as described In the text (Gplot). 
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Fig. 34. Repetition frequency as a function of neutron energy for the resolution profile RP2 (Flg. 7) 
and for the three faclllties: ORELA, LANSCE, and WNR, upgraded as descrlbed in the text (Cplot). 
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