
Present Status of Intermediate Energy Cross Section 
Measurements with Fast Choppers 

J. A . HARVEY 

Oak Ridge National Laboratory, 
Oak Ridge, Tennessee 

1. Introduction 

I wil l outl ine briefly the role that fast choppers have played as 
time-of-fl ight spectrometers in the past, what they are doing at 
present, and what I th ink their future wil l be in the next few years 
i n the field of low energy neut ron spectroscopy. Many of you have 
heard statements in the past few years that the pulsed machines 
(the electron linear accelerators and the Nevis cyclotron) are likely 
to put choppers out of business. I am pleased to report today that 
choppers are still in business. However, the chopper physicists are 
beginning to see the handwr i t ing on the wall, at least with regard 
to certain types of measurements ; and al though they are still a littl e 
s tubborn, they are changing their programs somewhat, as Dr. 
F luhar ty out l ined in the previous paper. The re still is a place for 
choppers in the field of low energy neut ron spectroscopy, but cer-
tainly not for total cross section measurements of large samples at 
high energies, as wil l become obvious dur ing my talk. 

Some of the measurements which have been made with the fast 
choppers at Argonne and at Oak Ridge are outl ined here. T he 
M T R work covered by Dr. F luhar ty wil l not be discussed. T he 
material is divided into total cross section measurements and partial 
cross section measurements. Under partial cross section measure-
ments, capture measurements, scattering measurements, fission 
measurements and the measurement of eta, and finally capture 
y-ray spectra measurements are discussed. 

2. Total Cross Section Measurements 

Total cross section measurements are considered first. T he Oak 
Ridge1 chopper equ ipment is shown in Fig. 1. A beam of neutrons 
comes from the reactor at the left th rough a coll imator which restricts 
the beam to small size; following the coll imator is a mechanical 
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F I G . 1. A schematic section of the O R N L fast chopper time-of-flight neutron spectrometer. 
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chopper, with a rotor which has slits that pass the neutron beam for 
a short t ime durat ion, the order of a microsecond approximately 
every mill isecond. T h en by the time-of-fl ight technique the energy 
of the neutrons is determined from the t ime required to travel to 
the end of a path of 12, 45, or 180 meters. As detectors we have 
used mainly B F3 counters, but l i th ium-loaded scinti l lating glass, 
boron- loaded l iquid scinti l lators, and boron slabs with sodium 
iodide crystals are also very valuable. For a total cross section 
measurement the neutrons at the end of the flight path are detected 
wit h such a detector and the transmission of a sample is measured 
by insert ing it in the region where only a small amount of sample 
is needed to cover the beam. For the partial cross section measure-
ments, the detector and the sample of material under s tudy are placed 
at the end of the flight path. For example, in a fission measurement, 
the fission chamber is mounted at the end of the flight path and 
similarly a y-ray scinti l lation spectrometer is used there for neut ron 
capture y-ray spectra measurements. 

A . Energy Resolution of Choppers 

T he quest ion is often asked, " H ow high in energy can choppers make 
measurements ?" We used to answer the question wi th "Wel l , we 
go up to 5 or 10 kev where we overlap the data from the Van de 
Graaff accelerator, whose measurements wi th monoenerget ic neu-
trons have an energy resolution of 500 ev to 1 kev in this region." 
But just because measurements are made with a chopper up to 5 
or 10 kev does not mean that the data can always be interpreted in 
this energy region. Let us consider the resolution which is presently 
available with choppers in this energy region. Since the chopper 
uses a mechanical method of gett ing a narrow burst, i t is hard to get 
neutron pulses that are much shorter than 1 /xsec. Wi t h high flux 
reactors, there is sufficient neut ron intensity that flight paths of 
1 or 2 hundred meters can be used for total cross section measure-
ments. Wi t h a 100-meter flight path the t ime resolution, always 
quoted for time-of-fl ight inst ruments in microseconds per meter, is 
about 0.01 /xsec/meter or 10 nsec/meter. T he energy resolution in 
electron volts is given by 0 .028£3 / 2i?, where R is the resolut ion in 
microseconds per meter. For example, for a resolution of 0.01 
^sec/meter, the energy resolution at an energy of 100 ev is 0.28 ev; 
at 10,000 ev it is 280 ev; at 1000 ev it is about 9 ev; and at 10 ev 
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i t is down to about 0.009 ev. Now the resolution required for meas-
ur ing resonance structure depends upon the element one wants 
to study. We shall consider mainly the heavy nuclei where the 
widths of resonances are ^ 0 . 1 ev. I n order to measure the t rue 
shape of a resonance, the energy resolut ion must be small compared 
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F I G . 2. Total cross section of americium as a function of neutron energy. 

to the width of the resonance. Hence, above perhaps 30 or 40 ev, 
even with a t ime resolut ion of 10 nsec/meter, the resolut ion is not 
sufficient to determine the t rue shapes of the resonances. 

However, there is another complicat ion in addit ion to the resolu-
t ion and that is the Doppler width. For example, in uran ium, this 
Doppler width in ev is approximately 0.03 \/É ( t ne full width at 
hal f -maximum), or about 0.03 ev at an energy of 1 ev and about 
0.3 ev at 100 ev. Hence, there is no need to have a better resolution 
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than 10 nsec/meter even up to 100 ev because the energy resolut ion 
is already less than the Doppler width. 

I n addit ion to the width of resonances, the spacing is also impor tant 
in the determinat ion of the necessary resolution. Figure 2 shows the 
total cross section for americ ium, in which the widths of the resonan-
ces are about 0.03 ev. T he spacings are of the order of 1 ev, and in 
order to resolve the resonances from one another, the resolution 
must be good compared to this spacing. F igure 3 is a similar one for 

0 .2 0 .5 iO 2 .0 5 .0 40 20 50 

£, N E U T R ON E N E R GY (tv) 

FIG. 3. Total cross section of neptunium as a function of neutron energy. 

neptun ium-237, which also has about a 1-ev spacing. For U 2 38 or 
thor ium, the spacings are ~ 20 ev. I t should be emphasized that 
these are average spacings which are subject to strong local fluctua-
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t ions; there wil l be some closer-spaced resonances, and some farther 
apart. If one wishes to find all the resonances, i t is not sufficient that 
resolution be the order of the spacing but i t must be quite a bit better. 
Wi t h a resolution of 10 nsec/meter, good chopper measurements can 
be made up to the order of 100 or 200 ev for most nucl ides. 

B. Reliability and Operation of Choppers 

T he fast choppers and their associated reactors can be very stable 
pieces of equ ipment. T h ey run rout inely for days or weeks and 
provide a very steady source of pulsed neutrons. Not only does the 
chopper run well, but the auxil iary electronic equ ipment such as the 
mult ichannel analyzers are so highly developed that they operate 
about 9 0% of the t ime. Data are collected over a very large fraction 
of the t ime. As Dr. F luhar ty has pointed out, one can alternate 
samples in and out of the beam, and also alternate a background 
sample in and out to overcome any minor drifts. T h u s, very accurate 
cross sections can be measured with a chopper in this low energy 
range. Figure 4 shows some total cross section data taken with the 
Oak Ridge chopper, wi th statistics of the order of 1%. When such 
accurate data can be obtained, a great deal of effort is justified in 
analyzing the data, such as for the fissile nuclei where detailed 
multi level fits are necessary. F igure 5 shows the total cross section 
of U 2 33 in the low energy range showing the two wel l -known reso-
nances at 1.80 and 2.3 ev. T he curve2 is one of the early theoretical 
multi level fits; the recent fits are much better. 

C. Examples of Total Cross Section Data 

Tab le I is a summary of the multi level analysis of the U 2 33 total cross 
section data. Wi t h just total cross section data, assuming a constant 
radiation width wi th one exception, the fission widths and the 
neutron widths of the resonances can be obtained. T he last co lumn 
is a measure of how much interference there is between resonances. 
As Dr. F luhar ty pointed out in the case of P u2 4 1, the resonances fall into 
two groups. T he U 2 33 is not quite as obvious, but there is a group of 
broad resonances where the fission widths are in the range of 500 
to 1000 mv, and also a narrow group. Th ree of these resonances are 
wor th not ing. T he resonance at 0.188 ev is a small one which has 
a fission widths of only 63 mv, and the large resonances at 1.78 and 
2.30 ev have fission widths of 209 and 49 mv. These three resonances 
wil l be referred to again in the section on the eta work. 
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F I G . 4. Total cross section of U 2 33 as a function of neutron energy. 
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F I G . 5. Comparison of theoretical multilevel formula and experimental 
data for U 2 3 3. 
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SUMMARY OF U 2 33 RESONANCE PARAMETERS 

E0 *V 2g η θ 
(ev) (mv) (mv) (mv) (deg) 

Narrow width levels 

- 1 . 0 45 168 0.100 0 
0.188 40 63 4.64 x 1 0 -4 0 
1.785 45 209 0.225 150 
2.307 45 49 0.115 295 
3.660 45 162 0.076 20 
5.900 45 160 0.025 245 
6.835 45 175 0.429 65 
7.585 45 66 0.012 155 
9.35 45 170 0.060 110 

10.42 45 274 0.594 20 
11.40 45 175 0.037 — 
12.895 45 250 0.395 185 
13.80 45 300 0.140 — 
15.48 45 275 0.097 — 

Broad width levels 

- 0 . 3 0 0 45 960 0.044 0 
1.610 45 605 0.142 150 
4.80 45 800 0.184 90 
8.79 45 440 0.040 — 

Figure 6 shows some 180-meter total cross section data3 that we 
have taken on N p2 37 up to 25 ev, and the data are cont inued in 
Fig. 7 up to 100 ev. We have also measured A m 2 41 with about a 
1-gm sample and can analyze the data parameters of the resonances 
up to about 50 ev. 

Figure 8 shows a transmission curve for tungsten. To analyze 
transmission data for resonance parameters we have wri t ten a pro-
gram for the I B M 7090 computer, in which both the resolution and 
Doppler broadening are included. T he machine makes a shape fi t 
to the resonance and iterates to solve for E0i the total width, and the 
neutron width of resonance. 

Dr . F luhar ty has pointed out that choppers use small samples and 
Fig. 9 shows this for the case of lutecium. T he upper curve is 
for a sample which contained 7 0% L u 1 76 and 3 0% L u 1 7 5; the lower 
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F I G . 7. Total cross section of N p 2 37 up to 100 ev with 180-meter flight path. 
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is almost pure L u1 7 5. F rom such data it is very easy to assign the 
resonances to the isotopes. T he samples used with choppers have 

F I G . 8 . Analysis of 1 8 5 - e v resonance in tungsten using an I B M - 7 0 9 0 
computer. 

been as small as a few mil l igrams. We have measured several fission 
product nucl ides, including z i rconium-93, prometh ium-147, sama-
r ium-151, and iodine-129. 
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Fig. 9. Transmissions of samples of Lu175 Lu176.
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D. Summary 

Before 1950 the resolution obtainable with choppers was about 
1 /Ltsec/meter; in the period from 1950 to 1955 it went down to the 
order of 0.1 /xsec/meter, and now it is in the range of 10 nsec/ 
meter. I t wil l be extremely difficul t to do much better than 
this with a chopper. We feel that we can go down perhaps another 
factor of 2 with our present equipment. Also there wil l be a new 
high flux isotope reactor at Oak Ridge which may result in a gain of 
a factor of 5 or 10 in source strength. However, since the gain in 
resolution goes about as the cube root of the intensity, only another 
factor of 2 in resolution can be expected. Nevertheless, the advantage 
that such small samples can be used in the choppers remains an 
exceedingly impor tant factor. Before 1955 samples as small as 0.1 c m2 

in area could be used and today samples as small as 0.01 c m2 have 
been measured with moderate resolution. To obtain data with a 
resolution of ~ 10 nsec/meter, samples as large as 2 c m2 are required. 
Several chopper spectrometers have been built with mult isl it rotors 
for partial cross section measurements, but this field is where chop-
pers face their stiffest compet i t ion from the pulsed machines. I 
th ink that we are about to back out of the field of partial cross section 
measurements and in the future focus on total cross sections of the 
very small samples such as the fission products and other rare ma-
terials. 

3. Partial Cross Section Measurements 

A. Capture Cross Section Measurements 

T he technique for making capture cross section measurements is 
very s imple; the sample is sur rounded by some sort of a med ium 
which wil l count the y-rays which result from neutron capture. 
T o obtain the capture cross section one would lik e to have a detector 
which gives one count for each neut ron that was captured, i r re-
spective of whether one high energy y-ray came off or many low 
energy ones. Ideally, one would lik e a delta function pulse height 
spect rum at the neut ron b ind ing energy, but this is more difficult . 

F igure 10 shows the appara tus4 that Block et ai have used on the 
chopper at Oak Ridge for capture cross section measurements. I t 
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FIG. 10. The 28-inch-diameter liquid scintillator detector. 
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consists of a large l iquid scintil lator tank, 28 inches in diameter. 
T he neutron beam passes through a hole in the tank and the sample 
is placed at the center of the tank. A L i 6 liner is added to stop scat-
tered neutrons wi thout producing spur ious y-rays. Figure 11 
shows some of the data which have been taken with the tank in the 
low energy range; the higher energy points are from measurements 
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F I G . 11. Capture cross section of Pt. 
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by B. C. Diven at Los Alamos and work at Oak Ridge with the 
pulsed Van de GraafF. Figure 12 shows a summary4 of some of the 
elements that have been measured in the last 6 months. Unfor-
tunately, the 28- inch tank is not sufficiently large to stop the high 
energy y-rays very efficiently and has very poor pulse height resolu-
t ion. As a result, the absolute accuracy of the measurements is only 
~ 2 5 %. Some structure is evident in the kev energy region but 
since the t ime resolution was only about 0.2 /xsec/meter, it must 
represent averages over many resonances and much better resolution 
data are needed. F igures 13 and 14 show more data in the rare 
earth region and in the mass range 90-130. T he preceding comments 
also apply here. 

Block has now bui lt a much larger tank, 1.2 meters in diameter. 
Th is tank wil l be used at the RPI linear accelerator in a cooperative 
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program between O R NL and RPI. Figure 15 shows some y-ray 
spectra taken with this big tank. I t appears to be far superior to the 
smaller tank, and absolute cross section measurements to the order 
of a few per cent should now be possible. 

F I G . 12. Radiative capture cross sections of some heavy elements. 
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The re is one other piece of work on capture that should be 
ment ioned. Rather than use a large scintil lator, the Brookhaven 
g r o u p5 has used six N al crystals and have measured the gamma 
count ing rate from the 130 ev resonance in cobalt in order to measure 

F I G . 1 3 . Radiative capture cross sections of some of the rare earth elements. 
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the capture width of the resonance. By measur ing the transmission 
of the sample along with the yield of y-rays, one can in pr inciple 
deduce the radiation width of a resonance. I t is necessary to show 
that the spectrum of the y-rays is the same in the resonance as at 

FIG. 1 4 . Radiative capture cross sections of some elements near atomic 
weight 1 1 0 . 
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some energy where the efficiency of the detector is cal ibrated— 
usually at thermal energy. They have obtained promis ing results 
wit h this technique. For example, they have measured the radiat ion 
width of the 130-ev level in Co to an accuracy of 7 %. 

0 ι 1 1 1 1 I I I I ι ι ι ι 

0 1 2 3 4 5 6 7 8 9 10 11 12 

GAMMA-RAY ENERGY (Mev) 

F I G . 1 5 . Approximate pulse-height spectra of 1.2-meter scintillation 
tank (unshielded). Background ~ 2 Χ 1 0 5 counts/sec. 

B. Scattering Cross Section Measurements 

Figure 16 shows some scattering data taken with the O R NL chopper. 
A t the top is a transmission curve of a tungsten sample ; the bot tom 
curve shows that by measur ing the scattered neutrons one can find 
all the resonances appearing in the total cross section. Scattering is 
one type of measurement which choppers can still do reasonably 
well because the t ime for the neutrons to get to the detector after 
they are scattered is only a few several microseconds, which is 
comparable to the neutron burst from a chopper. 
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F I G . 17. Equipment used to measure η(Ε) for U 2 3 3. 
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C. η Measurements vs. Neutron Energy 

Figure 17 shows equipment used with the O N RL chopper for a 
direct measurement of eta as a function of neutron energy. T he 
beam of neutrons bombards the fissile sample and the fast neutrons 
that come off are counted. Figures 18 and 19 show some of the data 

0.10 0.15 0.20 
NEUTRON ENERGY (ev) 

FIG. 1 8 . Variation of η of U 2 33 with energy. 

0.25 0.30 

obtained for U 2 3 3. Figure 18 shows the energy region below 0.3 ev. 
T he very expanded scale, values lying between 2.1 and 2.3, should 
be pointed out. T he statistics on the points are about a per cent. T he 

2 3 4 5 6 7 

N E U T R O N E N E R G Y (ev) 

FIG. 1 9 . Variation of η of U 2 33 with energy. 
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curve is flat from 0.04 to 0.10 ev and then dips at the small 0.188-ev 
resonance ment ioned earlier. A t higher energy the statistical accuracy 
gets worse and the data are only good to a few per cent, maybe only 
10% near 10 ev. T he dip at 2.3 ev corresponds to the resonance at 
2.30 ev with a narrow fission width. We initiall y p lanned to make 
^-measurements up to ~ 100 ev with the chopper but the count ing 
rates were too low to obtain useful data. Frank Brooks has recently 
obtained some good data on eta of U 2 35 up to ~ 100 ev taken with 
the Harwell l inear accelerator. We th ink these data are convincing 
evidence that excellent data can be obtained with electron linacs. 

D. Capture y-Ray Spectra 

I n this final section y-ray spectra from different resonances are 
considered. Boll inger et al.6 at Argonne have done some excellent 
work in this field with the A N L chopper, probably the best in this 
field at present. F igure 20 shows the count ing rate vs. time-of-

NEUTRON TIME-OF-FLIGHT (Msec) 

F I G . 20. Counting rate in Nal crystal vs. energy. 

flight for a N al crystal at one side of the sample. Lik e the O R NL 
data shown for scattering, this shows all of the resonances which 



88 J. A. HARVEY 

are observed in a transmission measurement. Gat ing circuits and 
pulse height analyzing equ ipment are used to obtain the pulse 
height spectrum for each resonance. Figure 21 shows the pulse 
height spect rum for the 19-ev resonance in plat inum. T he total 
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F I G . 21. Pulse-height spectrum for the 19-ev resonance in P t1 9 5. 

energy that comes off is about 7.9 Mev for the ground state transit ion. 
Those who have worked with sodium iodide crystals know that a 
single energy y-ray does not give a single peak from a Nal crystal. 
The re is a first escape peak, a second escape peak, and then the 
Compton tail, and a great deal of careful work is required to analyze 
the pulse height spect rum. Th is figure shows Boll inger's result of 
analyzing the spect rum into its components. Figure 22 shows a 
comparison of the spectra from the 19-ev and 140-ev resonances 
wit h a strong ground state transit ion from one but not the other, 
and with the roles reversed for the transit ion to the 686-kev state. 

T he chief interest in this y-ray work is to t ry to look at the distr i-
but ion of radiation widths to a part icular nuclear level at various 
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neutron resonances. Work in this field has been done at the l inac at 
Saclay, at Harwel l, etc., and it is probable that almost everyone 
agrees that Bollinger was able to get sufficient intensity with a chop-

1870 ktv 

PULSE HEIGHT (Mev) 

F I G . 22. Comparison of spectra from the 1 9 - and 1 4 0 - e v resonances 
in P t 1 9 5. 

per to do very good work in this field. Hence, in the last 5 years 
there is no doubt that choppers have competed quite well. 

4. Conclusions 

A t Oak Ridge we have decided that electron linacs have many 
advantages over choppers for several types of measurements and 
we have submi t ted a proposal to the Atomic Energy Commission 
for an electron linear accelerator for neut ron spectroscopy. I t should 
be said, in defense of the choppers, that for the small samples it is 
probable that choppers wil l be able to hold their own. For many 
of the partial cross section measurements and for high resolut ion 
total cross section measurements, as Brooks and Havens point out, the 
pulsed machines are very excellent high intensity sources of narrow 
pulses of neutrons. 
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Discussion 

PROFIO: I am interested in the l iquid scintil lator tank and the kind 
of precision you can get with it. You need good t ime resolution in 
order to get the energy of the resonances, e.g., I wonder if it is l imited 
by the photomult ip l ier statistics, or by the detector itself, or whether 
i t is the burst width of the chopper ? 

HARVEY: T he collection t ime of the scinti l lator tank is much less 
than the burst width of a chopper. T he collection t ime of the large 
tank is ~ 20 nsec while the burst from the chopper is ~ 1 /xsec. 

PROFIO: IS there a report available on this ? 

HARVEY: Some details have been given in O R NL progress reports. 
T he t iming resolution of the big tank at the Van de GraafT was 
measured by Gibbons etal. [Phys. Rev. 122, 182 (1961)] to be from 
15 to 25 nsec. 




