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We report measurements of the emission time distributions (pulse shapes) as functions of energy for neutrons emerging from two
heavily irradiated, ambient-temperature polyethylene moderators in IPNS. A time-focused crystal spectrometer arra’mgement provided
resolution such that instrumental broadening was insignificant; cooling the Ge monochromator to 10 K provided adequate reflectivity
in the high energy region. Measurements covered the range 2.5 < £ <1000 meV.

We introduce a novel set of functions which fit the pulse shapes over the entire range of energies with four wavelength-indepen-

dent parameters.

1. Introduction

Knowledge of the shapes of pulses of neutrons
emerging from pulsed-source moderators, as a function
of energy, is essential for assessment of the resolution of
pulsed-source time-of-flight instruments, and for the
analysis of data. Polyethylene moderators are in com-
mon use since they are easy to fabricate and function
adequately in present-day sources. Two ambient-tem-
perature polyethylene moderators provide nine beams
in the intense pulsed neutron source (IPNS) at Argonne
National Laboratory [1]. These measurements provide
precise information on the shapes of pulses from these
moderators, over the entire range of energies for which
they are used.

We accomplished this by using a time-focused crystal
monochromator and detector arrangement which pro-
duced only negligible broadening of the pulses. The
width of the pulse of primary, fast neutrons was very
short, further guaranteeing negligible broadening of the
observed pulses. To gain adequate intensity at high
neutron energies, we used a Ge monochromator crystal,
cooled to low temperature to improve the Debye-Waller
factor.

In order to fit the measured pulse shapes we found it
necessary to introduce a new but nevertheless simple
form of function, which quite accurately fits the data
over the measured range, 2.5 < E < 1000 meV.
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2. Measurement of pulse shapes

We measured the neutron pulse shapes for two am-
bient-temperature polyethylene moderators. A
time-focused crystal monochromator and detector [2,3]
arranged at the monitor position of the low resolution
medium-energy chopper spectrometer (LRMECS) and
at the sample position of the single crystal diffractome-
ter (SCD) of IPNS enabled these to extend up to nearly
1 eV. These spectrometers, respectively, view modera-
tors designated “F” and “H”.

2.1. The moderators

The moderators were originally of high density poly-
ethylene (CH,),,, p = 0.966 g/cm’. Due to nuclear heat-
ing, their temperature is approximately 50°C during
operation. At the time of the measurements, the moder-
ators had been in place for approximately one year and
suffered substantial radiation damage due to a fast
neutron fluence of approximately 5 X 10'® n/cm?, cor-
responding to 8 X 10%° 450 MeV protons on the de-
pleted U target. Shortly after completion of the mea-
surements we removed and replaced the moderators.
Tests indicated that the hydrogen-to-carbon ratio
changed from H/C = 2.00 unirradiated to H/C = 1.56
(“F”) and 1.50 (“H”) after irradiation, while the mass
density increased to 0.990 (“F”) and 1.055 (“H”). The
results are consistent with measurements carried out on
polyethylene irradiated in the ZING-P’ prototype pulsed
spallation source [4], and indicate substantial chemical
alteration. Related changes are evident in the pulse
shapes and spectra, as discussed below. How these
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Fig. 1. The IPNS ambient-temperature polyethylene modera-
tors. Both are decoupled from the surrounding graphite reflec-
tor by 0.5 mm Cd. F is viewed from both faces. H is reflected
on the side opposite the viewed face.

effects set in as functions of time, dose and operating
temperature, is not yet known.

Fig. 1 shows the shapes and sizes of the H and F
moderators. The viewed layers of the F moderator
(viewed from both sides), as defined by Cd heteroge-
neous poisoning, are slightly thinner than that of the H
moderator (viewed from one side). Cadmium 0.55 mm
thick decouples the moderators from the surrounding
graphite reflector.

2.2. The neutron source

During these measurements, the IPNS operated at 30
Hz, delivering 450 MeV protons to the depleted uranium
target. The width of the proton pulse (and approxi-
mately also of the primary, fast neutron pulse) was 100
ns (full width at 1/10 maximum). The time-average
proton current was 12 pA.

2.3. The time-focused diffractometer

Fig. 2 schematically shows the experimental arrange-
ment. This geometry must satisfy the following relations
for time focusing (below, we have corrected a sign error
in the earlier equations);

P=Ly/L,

tan 6, =3(1 + P) cot 85,

tan 8, =3(1+1/P) cot 85,

cos O tan 8y, + sin(2 0 + 0)
2 sin @, sin( 6, + 6p)

cot O =

o)

To accomplish complete focusing, we have used
planes not parallel to the cut face of the monochroma-
tor. In the case that a single crystal is cut parallel to
planes with normal S[h,, ky, /1], while the reflection
R[h,, k,, 1,] is observed by the detector, the relation

Detector (Li Glass)

\@ Ge [004]
Ly 295
%“

Moderator

Ge [111] 6.

Ge[2201 -

Ge Crystal (10 K)

Fig. 2. Time-focused arrangement of moderator, monochroma-
tor and detector used in these measurements.

between the crystal orientation and the Bragg angle is

SR
6.=6 +cos_l( ) 2

We used a 1 mm thick, 25 mm diameter single,
deformed Ge crystal [5] cut perpendicular to S[2, 2, 0].
Germanium has the diamond cubic crystal structure and
reflects neutrons under the conditions,

a) h,, k,, I, = all even and
hy+k,+l,=4n (n=1,2,3-.-),
or
b) h,, k,, I,=all odd, (3)

Squared structure factors (therefore, approximately,
reflectivities) for cases (a) are twice those for cases (b).

One constraint on our solution to egs. (1) and (2) is
that the beam holes view the IPNS moderators only at
angles 6,,=0° and +18° from the normal. Egs. (1)
imply that focusing is accomplishable for 8y, =0 only
when @5 = 90° (backscattering) and that focusing
becomes progressively more awkward as the Bragg angle
becomes smaller. At small Bragg angles, high reflectivity
and low orders of reflection would correspond to
energies below our range of interest. The presence of
installed instruments required the use of of long initial
paths L;, contrary to needs for resolution and intensity.
Final paths L; needed to be short for reason of inten-
sity; their lengths were ultimately determined by focus-
ing conditions and the availability of appropriate re-
flecting planes in the monochromator. The motive to
measure high neutron energies, however, would indicate
use of small Bragg angles, since the same energies
measured at large angles require high order reflections
which are of low intensity due to the effect of the
Debye—Waller factor. At the same time we do not wish
to measure with too-high orders of reflection to avoid
possible contamination of one reflection by another.
Our solution was to reflect from (1, 1, 1) planes, at a
fairly large Bragg angle 85 = 60°, and to improve the
high-order reflectivity by cooling the crystal to 10 K.
Table 1 gives details of our solution.

The crystal was installed at positions L, =6.86 m
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Table 1
Parameters of the time-focused crystal spectrometer

SThy, k1, h1=S512,2,0]
Rlhy, ky, I 1=R[1,1,1]

- SR\ o

¢OS (lsl IRI) 35.26

Oy =18°, 85=060°

05 =73° 6-=953°

L;=686m, L; =0.686 m (“H” moderator, SCD beam)
L;=11.70 m, L; =1.17 m (“F” moderator, LRMECS beam
P = 0.1 (both measurements)

from the H moderator (SCD) and L,=11.70 m from
the F moderator (LRMECS), where the angles 8,, = 18°.
The detector was the scintillator and the shielding the
same as used in Graham’s experiments [3] to provide
the needed rapid detector response and low back-
ground. (The time response of the detector is less than
the neutron lifetime in the 6 w/o ®Li-loaded scintillat-
ing glass, about 1/3 gs) The 2 mm thick, 75 mm
diameter detector was set at a scattering angle of 120°
at the position where the distance ratio between inci-
dent flight path L, and final flight path L;, P=L;/L,
= 0.1. The crystal angle 8- and detector angle §, were
95.3° and 73°, respectively.

Since focusing applies only in the scattering plane,
we estimated the geometric effects of time resolution
due to out-of-plane defocusing and errors in our ap-
proximation to the focusing angles, by a Monte Carlo
computer simulation. Fig. 3 shows the result for the
L, = 6.86 m case and for the Ge(1, 1, 1) reflection (cor-
responding to 2.53 meV). The resolution for higher
energy and for the longer flight path can also be calcu-
lated since the resolution scales in proportion to the
neutron wavelength and to the total length of the flight
path. Table 2 summarizes the estimated full widths at
half-maximum (fwhm) of the resolution for the allowed
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FWHM = 0.65 us

P (t) (Arbitrary Units)

Time, t (usec)
Fig. 3. Calculated time distribution represeriting the geometric
contribution to the resolution in the time focusing arrangement.
The results are for the Ge(111) reflection ( E = 2.53 meV) and
for L;=6.86 m, L; = 0.686 m.

reflections Ge(1, 1, 1), Ge(3, 3, 3), etc. The fwhm’s are
insignificant. For example, the calculated values of reso-
lution are about 0.65 ps for 2.53 meV and 0.03 ps for 1
eV, while the expected widths of the neutron pulses are
about 50 ps for the energy region below 100 meV and
about 2 us for 1 eV, and observed rise times vary from
about 20 us for the lowest energy to about 1 us for the
highest.

Thus the time-channel width and detector response
times are dominant in the resolution of our measure-
ment. Choosing 0.25 us channel width for E > 100 meV
and 1.0 ps for E < 100 meV, the effect of channel width
is still small in relation to the measured neutron pulse
widths and rise times. Therefore, we were able to analyze
the measured neutron pulse shape without further
consideration of the instrumental resolution.

We cooled the Ge crystal to about 10 K in order to
gain higher intensity at the high energies of interest.

Table 2

Fwhm of calculated resolution and allowed reflections of Ge(n, n, n)

n 1 3 4 5 7 8 9 11
E,-(meV) ¥ 2.53 223 40.5 63.3 124 162 205 306
Aty (us)® 1 1 1 1 0.25 0.25 0.25 0.25
Aty (ps)© 0.65 0.22 0.16 0.13 0.09 0.08 0.07 0.06
n 12 13 15 16 17 19 20 21

E, (meV) 364 428 569 648 731 913 1012 1116
Aty (ps) 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Aty (Bs) 0.05 0.05 10.04 0.04 0.04 0.03 1.03 0.03

?) E,: calculated in our geometry of 8 =120°.
® At,: channel width used for our measurements.

9 At_,y: fwhm of calculated resolution for L; = 6.86 and L = 0.686 (for “ H” moderator measurements; resolution is twice this figure

for the measurements on the “F” moderator).
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When T =300 K, the exponent of the Debye—Waller
factor 2W(T) is expressed by the high temperature
expansion [6]

2W(T) = 6EgkT/(k8p)[1+(6p/T) + ---],
2W(300) = 0.156 £, 4)

in which Ep = h%Q2/2m is the recoil energy, Q=
2w/d, and 8 = 374 K = Debye temperature [7]. In the
limit of T - 0 K, the Debye—-Waller factor is given as

2W(0) = 1.5Eg/(kBp) = 0.0465E . 5)

For example, assuming E = 500 meV, (Q =15.54"' in
our geometry), the recoil energy is Ep = 27.5 meV, the
Debye-Waller factor is approximately exp(—2W(300))
= 0.014, while exp(—2W(0))=0.28, and the intensity
ratio 1(0)/1(300) is
1(0)/1(300) = exp( —2W(0)) /exp( —2W(300)) ~ 20.
(6)
Thus, we obtained adequate intensity in the high energy
region by cooling the Ge crystal to 10 K.

By these optimizations of the measurement geometry
and by cooling the crystal, we obtained good data up to
16th order, corresponding to 650 meV in both measure-
ments. In the LRMECS measurement, we even observed
all the allowed reflections up to 20th order (~ 1 eV).
Fig. 4 displays the full raw data from the F moderator.
Figs. 5a and b respectively illustrate raw data from the
H moderator, Ge(1, 1, 1) and Ge(16, 16, 16) reflections.
The widths compare reasonably well with those of
Graham [3], but are somewhat larger.

Small peaks are present corresponding to Ge(2, 2, 2)
and Ge(6, 6, 6) in both measurements. These reflections
are prohibited in the diamond structure, but are pre-
sumably caused by imperfections of the Ge crystal due
to impurities or strains. Fig. 6 shows the fwhm of
neutron pulses obtained from the raw measurements. At
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Fig. 4. Ge reflections observed in the LRMECS measurement
with L; =117 m, L; =1.17 m.
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Fig. 5. Ge(n, n, n) reflection observed in SCD measurement:
(a) Ge(1,1,1) and (b) Ge(16, 16, 16), E =2.53 meV and 648
meV respectively.
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this level of analysis, the results contain considerable
statistical error. The widths of the neutron pulses from
the F moderator are somewhat smaller than those from
the H moderator in the energy region below 200 meV,
even though both fwhm’s have about the same values in
the upper region. This is expected since the Cd poison-
ing is ineffective at the higher energies.

3. Analysis and discussion

A number of workers have used different functions
for the analysis of neutron pulse shapes. For example,
Jorgensen [8] used the function
gauss*[ 8(¢) exp(— k) +0(—1) exp(k,t)] @)
to fit the pulse shape of powder diffraction data utiliz-
ing a room temperature polyethylene moderator. Here,
“gauss” designates the function exp(—(t—ty)?)/20?
and the symbol “*” indicates convolution. 8(¢) is the
Heaviside function 8(x <0)=0, (x> 0)=1.
Carpenter et al. [9] used the sum of two decaying

exponential functions to fit neutron pulse shapes from a
liquid methane moderator,

gauss*0(1)[ R exp(—ky) + (1 — R) exp(—k,1)]. (8)

The Gaussian accounts partly for resolution effects, and

0.75 1

Intensity
0.50

ly
Ili;ll;fmmmmnnm,,
i

partly describes the smooth initial rise of the pulse. We
also tried to fit our data using these functions, but we
were not successful.

The time distribution of neutrons coming from a
hydrogenous moderator in the high energy region is
expected to be of the form of a chi-squared distribution
function (with six degrees of freedom)

8 (0. 1) =22 (201)? exp(=Zur) (1> 0), ©)

where ¥ is the macroscopic neutron scattering cross-
section of the moderator (2 =1.6 cm™! for polyethyl-
ene in the high energy limit) and v is the neutron speed.
In this form, [;°dt ¢(v, t)=1. Strictly speaking, the
equation describes the siowing-down time distribution
of neutrons in an infinite medium of free protons at
rest, with no absorption. However, Coceva et al. [10]
have recently successfully fitted a function of this form
to Monte Carlo simulations of the pulse from the
ORELA target at high neutron energies.

This function describes a pulse shape which scales in
a simple way according to neutron speed if 3 does not
depend on v. Figs. 7 and 8 show the measured pulse
shapes as a function of the time scaled by the neutron
speed, the reduced time (actually a length). In both
instances, peak values are normalized to 1. Fig. 7 shows

Fig. 7. Three dimensional display of normalized neutron pulse shape (H moderator); neutron pulse shapes are plotted on a reduced
time scale v(f — 1), where v and t, are the neutron speed and the beginning time of the neutron pulse.
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Fig. 8. Pulse shapes for several energies vs reduced time.

all the data for the H moderator in terms of the scaled
time.

As seen in fig. 8, the pulse shape for 364 meV is
almost the same as that for 648 meV, consistent with eq.
(9) in this high energy region (scaling region), but the
pulse shapes for neutrons in the region E <200 meV
are much different from those in the scaling region; the
neutron pulse shape cannot be expressed as eq. (9) in
this low energy region (nonscaling region).

We noticed that the rising part (before the peak
point) as a function of reduced time in the nonscaling
region is nearly invariant with energy even though the
decaying part (after the peak point) is much different
from that in the scaling region. Moreover, at long times
the pulse shapes in the nonscaling region have the form
ot the function exp(—pBt), where B8 is independent of
energy as expected [11]. These results suggested that the
scaling component described by eq. (9) still exists even
in the nonscaling region, but that the moderator has a
characteristic storage time (1/8), which dominates the
decay in the nonscaling region.

Therefore, we introduce a new function,

¥(0,1)= [dre(v, )[(1-R) 8(z 1)
+RBO(r—t)exp(—B(t—1))]; (1>0)

(10)
a 2a- B
=5{(1-R)(at) e +2R——
2{ (a—B)
x[e—Br_e""'(l +(a—/3)’+%(“_ﬁ)2’2)]};
>0 (10")

where ¢(v, ¢) is the function given by eq. (9) with
a=0v2 and R is the ratio of the area of the second term
to the total area. 8(¢ — ¢t’) is the Dirac delta function. In

this form, [§%(v, £)d¢ = 1. The physical content of the
function in eq. (10) is that slow neutrons are generateds
by an initial source which is the slowing-down distri-
bution expressed by eq. (9), while a part of them (in
ratio R to the total) are stored in the moderator and
decay with a time constant B. The first slowing-down
term in eq. (10) represents neutrons which emerge in the
process of slowing down before thermalization. The
second term (storage term) represents neutrons which
emerge after thermalization. As we show, the function
in eq. (10) is quite consistent with the measured pulse
shapes and moreover has the advantage over previously
used ones, that it goes over at both the high-energy and
the low-energy, long-time limits to forms consistent with
theoretical expectations. The functions ¢ and ¢ have
very simple Laplace transforms, a property that may be
useful when these are convoluted with other causal
functions. This might be required, for example, in
calculating time-of-flight powder diffraction profiles.

Pulse shapes of both measurements were fitted main-
taining all parameters of eq. (10), =, B8, R and a time
delay ¢, as free parameters for each energy. The time
delay, which represents the flight time from moderator
to detector plus a fixed shift of the time origin, was a
strictly linear function of the wavelength, and correlated
exactly with known flight path lengths and time-trigger-
ing offsets. The quality of fits to the measured shapes
was excellent, except for the reflection Ge(4, 4, 4) in the
SCD measurement. The pulse shape for this reflection
has a small hump on the decreasing side. We tried to
reproduce the hump as due to multiple scattering of
neutrons in the Ge sample and the Al sample cell, but
we could not explain a hump of such magnitude on that
basis. This effect might come from a property of the
SCD neutron flight path such as air scattering, or from
neutrons scattering from the iron collimator elements in
the beam hole. To varying extents in the two measure-
ments and at different energies, a small component of
intensity appears before the pulse and (at high energies)
after the pulse. We suspect that this is due to inelastic,
forward scattering of neutrons in the air-filled portions
of the flight path.

Fig. 9 shows an example of the results of fitting the
Ge(5, 5, 5) peak in the LRMECS beam. This figure
indicates well that the slowing-down term is important
in determining the rising part and that the storage-term
shape is dominant in the decaying part at this wave-
length. Fig. 10 shows the neutron wavelength depen-
dence of B and 2. The parameter = can be fitted as a
function of wavelength A by a form

3= (s2+828)% (11)

Fig. 10 also shows the fitted functions. The values of S,
and S, are

S, =098 cm™1,
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Fig. 9. Ge(5, 5, 5) reflection for F moderator. The solid line is
calculated by eq. (10) with parameters $=1.05 cm™!, 8=
0.0487 /us and R =0.72.

§,=027cm™'A™! (for H moderator);

and
$;=10cm™!,
S, =0.38cm™'A™! (for F moderator). (12)

B is almost constant in the range of 0.4 <A <6 A as
1/8=24.1ps (for H moderator),

and

1/B=21.5ps (for F moderator). (13)

At small wavelengths, the fitted 8 parameter is
larger than the value fitted at long wavelengths which is
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evidence of the diminished effectiveness of cadmium
decoupling at short wavelengths. This is also evident in
the amplitude ratio factor R, for which the data at short
wavelength lie a little above our smooth fitted function.
Thus, we conclude that the effect of the graphite reflec-
tor not being decoupled at short wavelengths is to
introduce a “tail” on the pulse shape. The tail decays
faster than the “storage” term which is dominant at low
energies but seems to be taken up in the fitting proce-
dure as a component of that form. The overall fitted
functions 8 and R do not reflect this effect, and we
interpret our overall fitted results as applying to ideally
decoupled moderators.

For protons at the density of unirradiated polyethyl-
ene, we expect that £=1.6 cm™! in the high energy
limit, but the value of 3 obtained by fitting is only
~ 0.6 times the expected value of 1.6 cm™!. It seems
that the hydrogen concentration in the polyethylene
moderator has been decreased by neutron and y ray
irradiation from the target.

Fig. 11 shows the neutron wavelength dependence of
the ratio factors R, given by fitting the pulse shapes for
both moderators. We have represented these values
simply in terms of a Boltzmann function as

R =exp(—E/E,), (14)

where E is the neutron energy and E, a fitting parame-
ter. The value of E, is almost the same for both
moderators; the solid line in fig, 11 is the curve calcu-
lated by eq. (14) with E, =190 meV.

Figs. 12a and b show the overall pulse shape func-
tion calculated from the fitted functions. The results are
normalized to unity at the peak.
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Fig. 11. Wavelength dependence of R. The solid line is a
Boltzmann function exp(— E/E,) with. E; =190 meV. Note
the rise above the smooth fitted function which occurs at short
wavelengths.



S. Tkeda, J. M. Carpenter / Measurements of neutron pulse shapes of polyethylene moderators 543

CROSS SECTION OF
PULSE SHAPE(H—MODERATOR)
1000 .
) ‘ ;‘ I

7

Q
/\
N

S SN SA
NN
ENNE

Energy (meV)

-
o
T

Pulse Shape of
IPNS H-Moderator

b

N
N

3
N
S R
R ™
\

MK
@ \ v
NN
N
N

N
N
W
N
N

RR
N

N
R

2
%%
54
7

N

N

R

N
NS

N

N
N

%
7
7
%
%

R
\

Fig. 12. The pulse shape function of the H moderator. (a)
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4. Measurement and fitting of the spectra

Time-of-flight analysis of direct beams provided the
energy distribution of the neutrons from the modera-
tors. When measured by a detector of area A4, at dis-
tance L from the source, whose efficiency is 7(E), the
total count per unit time-of-flight 7, in measuring time
T is

i(E)

e(0)=an() 2| SE T 1s)
where

m L 2
E=7[—z—i(E)]’ (16)

and i(E) is the time-average number of neutrons emerg-

ing from the viewed moderator surface, per unit solid
angle, per unit time, per unit energy (the “beam
current”). Here, 7(E) is the mean time following the
time origin, at which neutrons of energy E emerge from
the moderator surface, and dE/ds is the Jacobian.
Strictly, one should infer E from eq. (16), and compute
the Jacobian

dE [t—i(E) di(E)]™!
717=[ 2E  dE ’ an

but since i( E) is slowly varying and since L > vi(E)< 5
cm in our measurements, we ignore 7 in our calcula-
tions. We used uncalibrated, low-efficiency, “pancake”
10BF, detectors, for which 7( E) @ A, and have fitted the
form

: _; E _g/E H A(E)lia
I(E)_lThE_%-e / T+lepiA(E0) E(EO) (18)
to the measured beam current. Here, iy, is the time-
average integrated Maxwellian beam current, E is the
mean energy of the Maxwellian component (E;=
kT, where T, is the effective spectral temperature),
and fepi is the time-average epithermal beam current
(the current per unit lethargy In E/E,, at reference
energy E;). A(E) is the “joining function” for which
we adopt Taylor’s [9] form

A(E)=(1+e?8)7} (19)

and a is the leakage exponent. We fitted Wescott’s [12]
joining function A(E)=[1 + (E,,/E)"]"! with similar,
but slightly poorer results. Table 3 gives the fitted
parameters for F and H moderators. The parameters
describing the spectrum in the epithermal region are
subject to error because the monitor counters do not
function properly at short times following the initial
source pulse.

As expected because the moderators are quite simi-
lar, the spectra of the two moderators are nearly identi-
cal. The mean spectral energies are in reasonable agree-
ment with the data of Graham [3] for moderators of this
size, although the physical temperatures of the present
moderators are somewhat higher, and the thermal-to-ep-
ithermal flux ratios somewhat smaller, presumably be-
cause they have suffered substantial radiation damage.
The table also gives the “cutoff energy” of the epither-
mal spectrum

A(E,)=1/2, (20)

E, = (h—z)rz | (21)
w0 =\ 3 m |Reo

Ao=b/a, (22)

and the ratio E_/E;. The epithermal cutoff energy
defined in this way E_, is similar to that determined
using Wescott’s joining function, i.e. E /Er =35, and,
moreover, equal to the value of parameters E, obtained
in the previous section.
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Table 3

Fitted parameters for the F and H moderators

Moderator E; y it/ Tepi a b E, E../Er @
[meV] K] [A7]) [meV]

F 40 464 2.29 8.74 5.74 190 4.75 0.01

H 37 429 3.36 8.74 5.74 190 5.14 0.01

There is remarkably no obvious evidence of the
falloff of the cadmium (used for poisoning and decou-
pling) cross section, except the rise of the 8 parameter
and the ratio R at short wavelengths.

5. Conclusion

We have demonstrated a method for measuring the
shapes of moderator neutron pulses for energies up to 1
eV, with high resolution. The data for two polyethylene
moderators require and provide the basis for fitting by
functions of a new form. Results indicate substantial
radiation degradation of the polyethylene.
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