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ABSTRACT 

Delayed neutron choppers in pulsed source neutron beams serve to reduce the 
background caused by delayed neutrons in pulsed source instruments. We 
analyze the effect of a drum chopper placed in an incident pulsed beam which 
contains delayed neutrons and compute its influence on the detector counting 
rate. Expressions are found for the time and wavelength dependence of the 
counting rates for both prompt and delayed neutrons, in both monitor and 
scattered neutron detectors. On the basis of these results, we suggest an 
exact, random-phasing method for determining the delayed neutron background 
for use in measuring the delayed neutron counting rate, and propose a rapidly 
convergent iterative scheme for computing the correction from normally 
measured data. We report measurements which confirm the analysis. 

I. INTRODUCTION 

The 235U enriched booster target provides enhanced neutron fluxes for the 
IPNS spectrometers'. Accompanying the higher pulse intensity is a relatively 
greater background of delayed neutrons. Methods are needed for describing, 
assessing and suppressing these backgrounds and applying corrections if 
necessary. 

In order to reduce the delayed neutron backgrounds, drum choppers have been 
introduced in the incident beam for both SEPD (total flight path length 15.5 
meters) and GPPD (21.5 meters)2. Figure 1 illustrates the arrangement. These 
choppers are hollow aluminum drums of 40 cm diameter spinning on a vertical axis, 
covered with epoxy-boron carbide of 1 cm thickness and 10.5 cm height. They have 
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Figure 1. A schematic diagram of a source (moderator) and a drum chopper a 
distance L, downstream. The source emits deiayed neutrons at a steady rate and 
also prompt neutrons in periodic, short pulses. b(d, t), the flux per unit 
wavelength at time t, is to be determined at a point L away from the source. 

symmetrically placed openings (subtending opening angles measured from‘the center 
of 81.8’ in SEPD, and 60.7’ in GPPD) to allow the passage of the beam. They 
normally rotate at 15 Hz, driven by hysteresis synchronous motors synchronized at 
half the frequency of the pulsed source itself and opening twice per revolution. 
Both choppers are located L,==6.01 meters from the source (moderator). 
Appropriately phased, the drum choppers do not significantly affect the 
transmission of the pulsed beam in the desired wavelength range. Figure 2a is a 
diagram of the time of arrival of neutrons of different wavelengths vs. distance. 
Figure 2b shows the corresponding scattered neutron detector counting rate. 
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Figure 2a. Time vs.. distance diagram ("neutron time s'chedule") showing the 
arrival of neutrons from the prompt pulse 'and of delayed neutrons. In the 
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,In this paper, we derive expressions for the counting rates in both the 
monitor and the scattered neutron detectors for both the prompt pulse and the 
delayed neutrons in terms of the chopper transmission probability function. We 
show that a random phase average counting rate, measured by running the chopper 
asynchronously with the pulsed source, is directly related to the delayed neutron 
counting rate. We intro.duce a rapidly convergent iterative method for 
calculating the delayed neutron correction from normally measured data. We 
report measurements of the.delayed neutron background taken on two IPNS 
diffractometers with an incoherently scattering sample, illustrating the random 
phase operation and the iterative correction calculation. 

11. DETECTOR COUNTING RATE 

Consider the neutron flux at a distance L from the moderator i-n a generalized 
diffraction instrument on a pulsed source, as represented in Figure 1. The flux 
per unit wavelength at a point a distance L from the moderator and at a time t is 
given by 

4W)=(1/L2)~j dt'dt"i(X,t')P,(X,t";a0)6(t-tl-L/v16(t"-t'-Lc/v), 

= (l/L21 i(X,t-L/v)P,(X,t-(L-Lc)/v;ao) (1) 

where i(X,t') is the beam current leaving the moderator per unit wavelength at 
time t' after one source pulse. The b-functions relate the times, distances and 
neutron speeds at the measurement point (t, L and v) and at the chopper (t", L, 
and v) relative to the moderator (t', 0, v). Throughout, X=(h/m)/v; h/m-3955.41 
A-m/set. The beam current is composed of a prompt pulse at the time t'=O from 
the moderator, and a delayed fraction e of neutrons which is assumed to be 
constant in time and is a known, intrinsic parameter.of the source. It is 
reasonable to assume that the spectral distribution of the delayed neutrons is 
identical with that of the prompt neutrons. Thus i.(X,t') is related to the time- 
averaged beam current i(X) per unit wavelength per unit time by 

i&t') = i(X) [(l - e)t(t')lf +- cl, (2) 

where f is the source pulsing frequency. 

The counting rate at time t in a monitor detector in the beam is given by 

C,W = I dX4(X,t)AMqM(X), (3) 

where #(X,t) is the:neutron flux at the monitor detector at a distance LM from 
the moderator. AM is the area of the beam at the monitor and qM(X) is the 
monitor efficiency, assumed to be time-independent. The counting rate at time t 
in a neutron detector at a scattering angle 9 in a diffraction measurement is 
similarly 

c,(t) = I I dXdu4(X,u)s(t-u-LD/v)Ndu/d~(~,e)A~~D(~), 
where #(X,u) is the neutron flux per unit wavelength at the sample, at a distance 
LS from the moderator, at time u. N du/dQ(X,8) the sample (assumed elastic) 
scattering cross section. LD is the distance from the sample to the detector, 

AQD is the solid angle subtended by the detector and r)D(x) is the detector 
efficiency. 
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For the present purposes, we represent the counting rates in both the monitor 
and the scattered neutron detectors in one generalized expression for the 

counting rate, which together with (1) and (2) gives results identical in form, 

which is 

where 

C(t) = I dXF(X) [(l-r)b(t-d/v)jf + clP,&t- (d-Lc)/v; oo), (5) 

F(X) = 

I 

icX)AMrlM(X)/L; for the monitor measurement 

T(X)N de/dQ(WV2D~D(~)/L; for the scattering measurement, 

(6) 

and d is the distance from moderator to monitor (LM) or detector (LS + LD) for 
each measurement. The first term in (5) is the prompt pulse response, the second 
term is the delayed neutron background, which is a function of the time on 
account of the presence of the drum chopper, and depends on ao/a$l(x,e). 

The prompt pulse response is 

= [(l-e)/fl (h/md)F(ht)Pc(Xt, L,t/d-a,/o;O) (7) 

where X, = (h/m) t/d, and the delayed neutron response is 

Cd(t) = e dXF(X)Pc(X,t-(d-Lc)/v-~o/~;O). I (8) 

Crawford (4) has analyzed this same problem using Monte Carlo techniques. The 
present analytical treatment is appropriate for use in correcting data; the Monte 
Carlo simulation provides greater insight into "grayness" effects. 

III. RANDOM PHASE METHOD FOR DETERMINING DELAYED NEUTRON BACKGROUND 

The method proposed here for measuring the delayed neutron response Cd(t) 
rests upon using the prompt neutrons as a continuous source equivalent to the 
delayed neutrons. This can be accomplished by operating the chopper very near 
its normal frequency, but in random phase relative to the source pulse, and 
analyzing the counting rate as a function of time t, measured from a time- 
reference signal derived from the chopper. All phases of the chopper relative to 
the source are therefore uniformly sampled in the measurement, and both the 
constant delayed neutron part and the average prompt part accumulate identically 
as steady sources. (The IPNS delayed neutron chopper drive systems can operate 
in this mode). Then the random phase counting rate is just proportional to the 
delayed neutron counting rate in normal operation, with the time -scale shifted by 
an amount equal to the time between the source pulse and the chopper time 
reference pulse, 

cd(t) = 
e<C' (t-a,/fd) > 

( “(i;‘) + e) 
(9) 
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Only the delayed neutron fraction c, and the phase angle,(ignoring any small 
error) 01~ need to be known independently to enable Cd(t) to be determined. c 
follows easily from a separate measurement; and has already been measured5 for 
the IPNS booster target, with the result c = 0.0283, a0 +,9/o can be measured by 
sending the chopper timing.signal into. a time-of-flight histogram during fixed- 
phase operation. The phase sampling, which should be uniform to achieve the 
desired result, can be verified by histogramming source time origin pulses during 
random-phase operation. The analysis assumes that the detectors operate with 
time-independent efficiencies. 

IV. CALCULATION OF DELAYED NEUTRON COWING RATE FROM TR& MEASUREMENT 

We now explore an iterative approach as an approximate method for determining 
the relationship of the delayed neutron counting rate to the prompt response. 
Integrating the expression for the prompt 'response (equation 8) with respect to 
wavelength X, we obtain for-either scattered neutron-or beam monitor data 

cp ItI = [(l-e)/fl(h/md)F((h/m)t/d) Pc((h/m)t/d, Let/d-so/w; 0). (10) 

The factor PC represents the reduction of the observed intensity by the chopper, 
which may be only partially open. Substituting X = (h/m)t/d, we obtain from 
equation (7) the following expression for F(X), 

. . 

F(X) '---[f/(1-c)] (mdlh)Cp((m/h)Xd)/Pc(~,Lc~(m/h) X-cy,/o;O). : (11) 
_..,' I 

We,.now substitute this expression into that for the:delayed.neutron response 
given by'equation (8), and obtain 

‘_ ; . 

.’ Cd(t) = cf/(l-c)~dt~Cp(t~)Pc(~(h/m)t~/d,t-~(d-Lc)tf/d-cu~/~;O)/ 
.- ,. 

P,((h/m)t'/d,Lct'/d-ao/m;O). (12) 

This result is exact,.and in view of equation (10) the integral always converges, 
but is unfeasible if the t' integration includes the range where the denominator 
vanishes but the numerator does not. According to (lp),, 
denominator in (12) vanishes, 

Cp vanishes just when the 
so (12) is valid everywhere that it is of interest. 

Of course to produce the result (12), ,the prompt response.&(t) must be measured, 
recorded and available 
illustrates this range; 
chopper is-open. 

Since Cd is in some 

throughout the range where it does>ot vanish. Figure 5 
there, At represents the-range of times during which the 

sense small compared to Cp(t), 

Cd(t) = 

ef/(l-e)~dt'C(t~)Pc(O,t-(d-Lc)t'/d-a,/o;O)/Pc(O,Lct'/d-~o/~;O), (13) 

Equation (13) suggests an iterative 'scheme to obtain the delayed neutron 
counting rate. The, nth iteration would give the delayed response.&(t) from the 
prompt response Cpn(t). That is 

C&+) = 

(14) 
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Figure 5. A schematic diagram in (t,t') space showing the region within which 

the chopper transmission probability P,(X,t;O) f 0, where X is the neutron 

wavelength, t' and t are the times when the neutron is at the moderator and at 

the detector respectively. The chopper rotates at angular speed o, and the 

initial phase angle cxo is 0. The lines t' = (d/Lc)(uo/o _+ At/21 represent the 
boundaries of the region for which the denominator of (12) is non-zero, and the 

lines t' = d/(d- Lc) (t - uo/o ,+ At/2) represent the boundaries of the region for 

which the numerator of (12) is non-zero, where At(X) is the chopper open time. 

This result is used to obtain the (n+l)th 
That is, 

value of the prompt response Cpn+l(t). 

Cpn++‘) = C(t’) - Chb’), (15) 

where C(t') is the counting rate of the measurement, and Cdn(t') is the nth 
calculation of the correction to it due to delayed neutron background. For the 
initial calculation we take CdO(t') = 0, or CpI(t') = C(t'). Such a calculation 
can be checked against the exact random-phase chopper method of measuring the 
delayed neutron background. The procedure is a feasible basis for routine 
correction of scattered neutron and beam monitor data. 

v. MEASUREMENTS 

We have measured the chopped, delayed neutron counting rate as a function of, 
time in both the GPPD and SEPD diffractometers at IPNS. The source pulsing 
frequency for these measurements was 15 Hz rather than the usual 30 Hz, in order 
to provide data at long times when the counting rate due to prompt neutrons is 
low (this time interval corresponds normally to the "second frame" during normal 
30 Hz operation). Delayed neutrons, which represent a fraction c=O.O283 of the 
total (see equation (2)) then spread over a 66.7 msec interval rather than the 
normal 33.3 msec interval between pulses. Thus the ratio of the delayed neutron 
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counting rate to the prompt neutron counting rate is one-half the ratio for 
normal conditions. 

Data were collected in three modes of operation: with the chopper rotating 
at 15 Hz, opening twice per revolution as during normal operation; and phased as 
during normal operation (ao/w_A 6500 ysec for SEPD, 4400 Csec for GPPD); with the 
chopper rotating at-15 Hz and asynchronous relative to the source; and with the 
chopper stopped open. A 6-mm diameter vdnadium rod.was placed in the sample 
position. Scattered neutron counting rates were recorded for all scattering 
angles with time focussing. 'During random-phase operation, timing signals from 
the accelerator were recorded which indicated uniform sampl'ing of the source- 
chopper phase. The moderator was liquid CH4 at -105K. 

Figure 6 shows the counting rate for detectors at 150' scattering angle for 
SEPD, (a) with the chopper running and phased with the source, and (b) with the 
chopper stopped and‘ open; the time origin is the time of the source pulse. 
Figure 6c shows the counting rate for the same detectors, with the chopper 
operating at random phase; the time origin is the time of the chopper reference 
pulse shifted by so/o-6500 psec. The prompt response dominates the counting rate 
in the source-phased cases; the chopper has little effect on the prompt response 
in the interval 0 < t < 30msec. The rise at short times is due to epithermal 
neutrons. The peak at 6 msec is.due to the 130K Maxwgliian. The X-like 
discontinuities are polycrystalline Bragg edges, due.to aluminum in the neutron 
path. Between 30 and 50 msec is the peak due to the'second opening of the 
chopper. The same peak-occurs:33 msec earlier, but issmall,relative to the 
prompt pulse response. The shape of the.deJayed.neutron counting rate is 
revealed in Fig. 6c, where, due to the random-phase operation, & neutrons 
appear to be coming from a steady source. The chopped, delayed neutron peak 
exactly corresponds to the 30-50 msec peak of Fig. 6a. - 

SEPD, 28 = +150° 

: 
-: c. Chopper randomly phased (x 0.0283) 

IO0 I”‘~,‘..‘,‘.“,‘.“,‘*“- 
0 10 20 30 40 50 60 

Time-of-Flight (Milliseconds) 

Figure 6. The scattered neutron counting rate from a vanadium rod sample in SEPD 
detectors at 28=150', normalized to proton current; a) with the chopper running 

and in phase with the source, b) wit& the chopper stationary and open, and c) 
with the chopper operating at random phase relative'tti the source, nokalized by 
e=0.0283 (eq. 9) and.bhi&ed~by (~,/0=6500 isec. 
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GPPD, 20 = +148” 

a. Chopper phased 
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Figure 7. The scattered neutron counting rate from a vanadium rod sample in GPPD 
detectors at 28=148', normalized to proton current; a) with the chopper running 
and in phase with the source, b) with the chopper stationary and open, and c) 
with the chopper operating at random phase relative to the source, normalized by 
ez0.0283 (eq. 9) and shifted by oro/0=4400 psec. The delayed neutron counting 
rate computed from a) according to equations (14) and (l5), d) without constant 
correction, e) with constant correction of 10 counts/channel. 

Figure 7 shows (a) the chopper-phased, and (b) chopper-stopped-open data, for 
neutrons scattered by the 6 mm diameter vanadium rod into detectors at 148' 
scattering angle in GPPD; and Figure 7c shows the corresponding random-phase 
data. The random phase data are normalized according to equation (9), with f=15 
HZ, w/2n=15 Hz, and e=O.O283(5). 

We have calculated the delayed neutron background for GPPD from the observed 
total counting rate distribution for the case of the chopper running and phased 

to the source, according to equations (14) and (15). The result converged after 
two iterations. Comparing the result to the random phase data we find a constant 
contribution of background in addition to the computed chopped background. We 
have estimated this constant background which is caused by very short wavelength 
neutrons. These can penetrate the boron carbide of the drum chopper since the 
black chopper approximation is invalid for short wavelength neutrons (E > 65 eV). 
This background added to the delayed neutron peak is also shown in Figure 7. The 
discrepancy of the leadin-g edge with the data is caused primarily by the time- 
focusing of the detectors which results in a uniform smearing of functions of 
scattered neutron time-of-flight by At/t- 0.032 for the GPPD diffractometer. 

VI. CONCLUSIONS 

Expressions for the pulse shape (transmission probability) and open time 
functions of drum choppers developed previously3 have been used for the 
calculation of the prompt and delayed neutron counting rates in pulsed source 
diffractometers. An exact method is suggested for determining the delayed 
neutron counting rate, using the prompt and delayed neutrons with the chopper 
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operating in random phase with respect to the source. In addition, we have 
examined three approximate methods by which the delayed neutron response might be 
determined in terms of the prompt response; these appeal to the calculated pulse 
shape functions and might be refined iteratively. These approximate methods 
might be checked using the exact random-phase chopper method. We also report 
measurements which confirm the analysis of this random-phase chopper method. 
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