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tion Technology.
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MeV Total Neutron Cross Sections*

Robert B. Schwartz, Roald A. Schrack, and H. Thompson Heaton, 11

This report is a compilation of the MeV neutron total cross section data measured at the National
Bureau of Standards over the past several years. The measurements generally span the energy in-
terval from 0.5 to 15 or 20 MeV; data are presented in graphical form for twelve normally occurring
elements, plus the separated isotopes U, 25U, and #*Pu. ‘An appendix is included which gives com-

plete details of the experimental technique.

Key words: MeV neutrons; neutron time-of-flight; neutron total cross sections.

1. Introduction

This report is a compilation of the MeV Total Neutron Cross Section data measured
at the U.S. National Bureau of Standards. The neutron time-of-flight method was
used for the measurements, with the NBS electron linear accelerator as the pulsed
neutron source. The measurements were made over the energy range 0.5 to 20 MeV
(in some cases, only to 15 MeV). Except for the uranium and plutonium isotopes, the
measurements were made on the naturally occurring isotopic mixtures of the elements
in question. In each case, the data are presented in the form of graphs, both linear
and logarithmic. Descriptive notes are also included for each element, giving details
concerning the samples.

Most of these data have. not as yet been formally published. In most cases, how-
ever, the data have been presented orally at various meetings of the American Phys-
ical Society. A “Literature Reference” is given which refers to the abstracts for these
talks.

Details of the experimental technique are given in the appendix.

1.1. Quality of Data

A. Energy Resolution

At low energies the resolution is largely determined by the neutron detector
thickness (12.7 em); at high energies the electronic response function plays the dom-
inant role. For our 40 m flight path, the resolution varies from 0.2 ns/m at 500 keV
to 0.08 ns/m at 15 MeV. The resolution as a function of energy is shown in figure 5
in the appendix.

*This work was supported in part by the U.S. Defense Nuclear Agency, Washington, D.C. 20305,

B. Energy Scale Uncertainty

The energy scale uncertainty is 0.04 ns/m. There is excellent agreement between
our energy assignments and, for example, the precision neutron energy determina-
tions of Davis and Noda (Nucl. Phys. A134, 361 (1969)).

C. Absolute Accuracy

The absolute accuracy of the data is estimated to be within +1 percent. This
estimate is based largely on the excellent (< 1%) internal consistency of data taken
with different sample thicknesses, and under different experimental conditions, as
well as the excellent (< 1%) agreement between our hydrogen data (Schwartz et al.,
Phys. Letters 30B, 36 (1969)) and previously measured values, as represented by the
shape-independent effective range theory. Detailed comparisons between our data
and those from other laboratories will be given in later publications; we simply state
here that such comparisons have generally shown good agreement consistent with
our estimated 1 percent accuracy.

D. Statistical Precision

The statistical errors are generally 1 percent to 2 percent per point, but somewhat
poorer at the extreme high and low energy regions of our data. In any case, the sta-
tistical errors are indicated by the usual vertical lines at every tenth point on our
curves, except in cases where the error bars are smaller than the points.

1.2. Experimental Technique

A brief account of our experimental setup has been given previously (R. B.
Schwartz, H. T. Heaton II, and R. A. Schrack, Proc. Symposium Neutron Standards
and Flux Normalization, AEC Conf-701002, Argonne, Illinois, p. 377 (October 21,
1970)). This description is brought up to date, and further details given, in the
appendix.






HYDROGEN

Sample material: polyethylene (CHz)x
open: high-purity carbon
Sample diameter: 12.7 em

Sample thickness: 183 em
n=1.438 atoms/barn of hydrogen

Analysis: polyethylene: stochastic ratio of hydrogen to carbon within 0.04 percent of theoretical value

carbon:  Volatile and nonvolatile contamination less than 0.01 percent

Literature Reference: R. B. Schwartz, R. A. Schrack, and H. T. Heaton II, Physics Letters 30B, 36 (1969); also, Proc.

Symp. Neutron Standards and Flux Normalization, AEC CONF-701002, Argonne, Illinois, p. 57
(Oct. 21,1970).

Comments: Equality of carbon atoms/barn in the carbon and polyethylene samples can be seen from the absence of
structure in the observed hydrogen cross section. The statistical precision is degraded where there
are large peaks in the carbon cross section (e.g., 2.1 MeV), but there are no net fluctuations.
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BERYLLIUM

Sample Material: metallic beryllium
Sample Diameter: 12,7 em
Sample Thicknesses: 3.3 cm; n=0.4069 atoms/barn
7.65 cm; n=0.9447
Analysis: > 99.39 percent beryllium
principal impurity: < 0.6 percent oxygen

Literature Reference: R. A. Schrack, R. B. Schwartz, and H. T. Heaton II, Bull. Am. Phys. Soc. 16,495 (1971).
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CARBON

Sample Material: pressed graphite
Sample Diameter: 12.7 cm; 5.08 em.
Sample Thickness:  5.08 cm n = 0.4803 atoms/barn
10.16 em n=0.9557 atoms/barn
17.78 em n=1.6750 atoms/barn
Analysis: volatile components < .01 percent
nonvolatile components < .01 percent

Literature Reference:  R. B. Schwartz, H. T. Heaton II, and R. A. Schrack, Bull. Am. Phys. Soc. 15, 567 (1970).

Comments: Density fluctuations within a sample are less than 1 percent. There was no evidence of absorption of
impurities on exposure to air.

21
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RATIO

NITROGEN

Sample Material: liquid nitrogen

Sample Diameter: 12.7 cm

Sample Thickness: 27.9 cm, n=0.9684 atoms/barn

13.5 em, n=0.4683

Literature Reference: H.T.Heaton I, R. B. Schwartz, and R. A. Schrack, Bull. Am. Phys. Soc. 15, 568 (1970).

Comments:

Special dewars were constructed with end windows of known thickness of pyrex. Open runs were made
with duplicates of the end windows in the beam. The nitrogen cross section was also obtained by run-
ning melamine (CH;N,) against polyethylene (CH,). A powdered sample of melamine with n=0.6756
atoms/barn of nitrogen was run against a sample of polyethene having the same number of atoms of C
and H. Figure A shows the ratio of cross sections obtained using melamine and liquid nitrogen.

95

90

851

.80

s
5

Ratio of Nitrogen Total Cross Section
Calculated From Liquid and Melamine

L A I N s . | A . A | A . A | . N N \ R . | .

T 9 ] 13 18 17
E,(MeV)

FIGURE A.
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OXYGEN

Sample Material: quartz (Si0.) single crystals
open: semiconductor grade silicon
Sample diameter: 5.08 cm
Sample thickness: 7.54 ¢em; n=0.396 atoms/barn
29.98 cm; n=1.576 atoms/barn
Literature Reference: R. A. Schrack, R. B. Schwartz, and H. T. Heaton II, Bull. Am. Phys. Soc. 17, 555 (1972).
Comments: Equality of silicon atoms/barn in the quartz and silicon samples can be deduced from the absence of

structure due to silicon in the measured oxygen cross section. The statistical precision is degraded
where there are large peaks in the silicon cross section (e.g., 570 keV), but there are no net fluctuations.
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ALUMINUM

Sample Material: metallic aluminum plate
Sample Diameter: 12.7em
Sample Thickness: 11.3 em, n=0.6858 atoms/barn

Analysis: The samples were fabricated from 1100 grade aluminum. The principal impurities were 0.62 percent iron
and 0.16 percent copper. All other impurities were less than 0.1 percent.
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SILICON

Sample Material: polycrystalline silicon bar
Sample Diameter: 5.08 cm
Sample Thickness: 4.6 cm, n=10.2294 atoms/barn
17.9 cm, n=0.8957 atoms/barn
Literature Reference: R. A. Schrack, R. B. Schwartz, and H. T. Heaton II, Bull. Am. Phys. Soc. 16, 495 (1971).

Comments: The samples were semiconductor grade silicon having impurity levels < 10-8,
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CALCIUM

Sample Material: metallic calcium
Sample Diameter: 12.7 cm

Sample Thickness: 14.5 em, n=0.3331 atoms/barn
44.7 em, n=1.027 atoms/barn

Analysis: The samples were fabricated from 99 percent purity metal and placed in metal containers to prevent exces-

sive oxidation. A qualitative spectrographic analysis of the samples disclosed the impurities of largest

concentration were magnesium and strontium, both present in concentrations greater than 0.1 percent but
less than 1 percent.

Literature Reference: R. A. Schrack, R. B. Schwartz, and H. T. Heaton II, Bull. Am. Phys. Soc. 17,555 (1972).
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TITANIUM

Sample Material: metallic titanium bar

Sample Diameter: 12.7 em

Sample Thickness: 10.7 em, n=0.6368 atoms/barn

Literature Reference: R. B. Schwartz, R. A. Schrack, and H. T. Heaton II, Bull. Am. Phys. Soc. 14, 494 (1969).

Analysis: A qualitative spectrographic analysis of the sample showed no impurities at levels greater than 0.1 percent.
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IRON

Sample Material: metallic iron
Sample Diameter: 12.7 em
Sample Thickness:  2.94 cm, n=0.2490 atoms/barn
11.8 em, n=0.9997 atoms/barn
Analysis: The samples were fabricated of SAE 1017 steel containing 0.9 percent manganese. The presence of the

manganese may, at worst, introduce spurious fluctuations of up to 3 percent in amplitude in the energy
region where there are sharp resonances (< 2 MeV) and should have negligible effect at higher energies.
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NICKEL

Sample Material: nickel 200 cold drawn rod
Sample Diameter: 5.08 cm
Sample Thickness:  4.46 cm, 7=10.4047

11.37 cm, n=1.032

Analysis: Qualitative spectrographic analysis of the sample showed no impurities greater than 0.1 percent.
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LEAD

Sample Material: metallic lead sheet
Sample Diameter: 12.7 em
Sample Thickness: 7.6 em, n=0.2614 atoms/barn

Analysis: A qualitative spectrographic analysis was made on the sample; the principal impurity was copper, present
to less than 0.1 percent. All other impurities were less than 0.01 percent.
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25 URANIUM

Sample Material: enriched metallic uranium

Sample Diameter: 1.91 cm

Sample Thickness: 4.45 cm, n=0.2136 atoms/barn

Analysis:

234U:
27:
U
238 U:

1.00 percent C: 200 ppm by weight
93.22 Si: 200
0.38 Fe: 200
5.39 0: 80
P: 50
Ni: 30
Al: 20

Literature Reference: R. B. Schwartz, H. T. Heaton II, J. Menke, and R. A. Schrack, Bull. Am. Phys. Soc. 18 (1973)

539.

Comments: The measured cross section has been corrected for the 282U and carbon content, using our previously

measured values of these cross sections. Since the maximum correction was 0.4 percent, any errors in
the corrections would introduce a totally negligible error in the final cross section. Systematic errors
in the final corrected cross sections due to the remaining impurities are < 0.1 percent.

Acknowledgment: We should like to thank the Los Alamos Scientific Laboratory for providing us with the sample,

and for doing the chemical and isotopic analysis.
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2URANIUM

Sample Material:  depleted uranium metal

Sample Sizes: 5.08 cm diam; 1.91 cm thick; » = 0.0914
5.08 cm diam; 4.45 cm thick; » = 0.2128
1.91 cm diam; 4.45 cm thick; » = 0.2132

Analysis:
2357:  0.19 percent C: 3850 ppm by weight
281):  99.80 Si: 400
Fe: 100
0: 85
Ni: 30
Al: 15

Literature Reference: R. B. Schwartz, H. T. Heaton II, J. Menke, and R. A. Schrack, Bull. Ann. Phys. Soc. 18 (1973)
539.

Comments: The measured cross sections have been corrected for the carbon and silicon content, using our previously
measured values for these cross sections. Since the magnitude of the corrections is < ¥z percent, any errors
in the corrections would introduce a totally negligible in the final cross section. Systematic errors in
the final, corrected, cross section due to the remaining impurities are < 0.1 percent.

Acknowledgment: We should like to thank the Los Alamos Scientific Laboratory for providing us with the samples,
and for performing the chemical and isotopic analysis.
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239 PLUTONIUM

Sample Material: plutonium metal
Sample Diameter: 1.91 cm

Sample Thickness:  4.45cm, 7=0.2207 atoms/gram

Analysis:
38Pu:  0.01 percent 0: 260 ppm by weight
29Py;  93.94 Al: 15
M0Py:  5.66 C: 15
241Pu: 0.37 H: 10
Py 0.02

Literature Reference: R. B. Schwartz, H. T. Heaton II, J. Menke, and R. A. Schrack, Bull. Am. Phys. Soc. 18 (1973) 539.

Comments: The measured cross section has been corrected for the oxygen in the sample, using our previously meas-
ured value of the cross section. Since the magnitude of the correction is <2 percent, any error in the
correction would introduce a totally negligible error in the final cross section. We are not able to correct
for the 2#Pu content of the sample since we do not have accurate measurements of the 2#Pu cross sec-
tion in this energy range. It is very likely, however, that the 2°Pu cross section will be very similar to
that of **Pu, and that therefore the 2%Pu introduces only a very small error.

Acknowledgment: We should like to thank the Los Alamos Scientific Laboratory for providing us with the sample,
and for doing the chemical and isotopic analysis.
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Appendix—-Experimental Techniques

A brief account of our experiment has been given earlier [1]!, This will be expanded
and brought up-to-date here.

Al. Experimental Arrangement

Figure 1 is a bird’s eye view of our target area. We use the pulsed beam of the NBS
electron linear accelerator as a source of neutrons. The beam enters from the bottom
of the picture, and passes through a secondary emission monitor, which is our first
monitor. Since this setup was designed for both photoneutron spectroscopy as well as
neutron cross section measurements, our equipment also includes a dumping magnet.
For cross section measurements, the magnet is simply turned off and serves no func-
tion. The electron beam emerges from the magnet vacuum chamber into air, and hits
our neutron producing target.

NEUTRON TIME-OF-FLIGHT
@z EXPERIMENTAL AREA

P2 IONIZATION CHAMBER
“~START PHOTOMULTIPLIER
NEUTRON SOURCE "L.+\

DUMPING MAGNET

SECONDARY

EMISSION

MONITOR &3
MASONITE 9
COLLIMATORS

ELECTRON BEAM LINE SAMPLE

40 METERS\
T0 N
DETECTOR\\

FIGURE1. Neutron time-of-flight target area.

1 Figures in brackets indicate the literature references at the end of the appendix.

The resulting. neutrons are observed at 135° over a 40 m evacuated flight path.
The transmission samples are placed three meters from the neutron source.

A2. Electron Linear Accelerator

The NBS electron linear accelerator has been described previously [2], and hence
only the characteristics of particular importance to the time-of-flight experiments
will be mentioned here.

For neutron total cross section measurements the linac is generally run at about
60 MeV. The exact energy is, of course, rather arbitrary, as long as it is considerably
higher than the highest energy neutrons to be measured. On the other hand, once the
energy is chosen, it must remain stable over the course of a measurement (several
days) in order that the high-energy part of the neutron spectrum remains the same.
The beam is therefore energy analyzed through 2 percent energy slits before hitting
the neutron producing target.

Since the electronics for this system can only process one count per beam burst,
and since the yield of neutrons is fairly high, only very low beam currents are required,
average currents being of the order of 100 nA. Approximately ten times more current
is available in a 2 ns wide pulse.

The linac injector has a fairly conventional triode gun,? driven by a special pulser
which allows a wide range of pulse widths: from several microseconds down to less
than 2 ns. We normally run with a 1%z to 2 ns wide pulse, at a repetition rate of 720
pulses per second.

The average dark current is generally held to 0.01 percent of the average beam
current, and hence causes no problem.

The beam spot size is ~ 3 mm in diameter.

Once tuned up, the linac is generally quite stable in operation. Specifically, the
beam spot is stable in size and position, the beam current fluctuates by less than 10
percent, the energy remains within the 2 percent limits and the pulse shape remains
constant over many hours. This high stability is very important for accurate data
taking.

A3. Neutron Producing Target

To some extent, it is possible to “tailor” the neutron spectrum by the choice of
neutron producing target. Very generally, in the MeV energy range, higher Z targets
produce more neutrons, but of low energy and lower Z materials will give fewer neu-
trons, but of higher energy. The observed spectrum will, of course, be modified by the
variation in the detector efficiency as a function of energy. In our early measurements
(which only went to ~ 5 MeV neutron energy), cadmium targets 1 to 2 cm thick were
used. The yield from cadmium falls off sharply above about 6 MeV, however, so a com-
bination of ~ 0.1 ¢cm tungsten, backed by ~ 8 cm beryllium is now used. The tungsten
provides the low energy neutrons and also acts as an efficient bremsstrahlung radiator

2 Applied Radiation Corporation Model 10. (This particular piece of equipment, and certain other com-
mercial equipment, instruments and materials are identified in this Monograph in order to adequately
specify the experimental procedure. In no case does such identification imply recommendation or endorse-
ment by the National Bureau of Standards, nor does it imply that the material or equipment identified is

ily the best available for the purpose.)




for the beryllium which, in turn, supplies the higher energy neutrons. The difference
in thickness between the W and the Be is typical of the difference in yields between
high Z and low Z materials. The use of a target which is mainly low-Z is also important
in solving some of the problems associated with the gamma flash, as will be discussed
in section A4.3.

A4, Instrumentation
A4.1. Detector and Fast Timing Electronics

The main function of the fast electronics is simply to provide a “start” signal,
related in time to the production of the neutrons, and a “stop” signal, similarly related
in time to the detection of a neutron at the end of the flight path. These signals are
then analyzed and encoded by a Time Interval Counter. (sec. A4.3)

A block diagram of the electronics is shown in figure 2. Not included are such an-
cillary units as fanouts, pulse shapers, and delay cables, nor do we show the slow
electronics necessary to produce the logic signals for the on-line data handling system.
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FIGURE 2. Block diagram of electronics.

The shower developed when the electron beam strikes the neutron producing tar-
get impinges upon a bare RCA 931A phototube (i.e., no scintillator is used). The photo-
tube anode signal is fed to a zero crossing discriminator [8] whose output furnishes the
“gtart” signal. The start signal performs several functions. It is fed to the Time

A-2

Interval Counter, initiates delayed gates and a marker generator, and is scaled by the
computer.

The neutron (“stop”) detector is a 13 in. diam. by 5 in thick NE 2112 liquid scintil-
lator, viewed by 3 Amperex type 58AVP photomultipliers. The anode signals are fed
to zero cross-over discriminators [3]. The outputs of the zero crossing discriminators
go to a Two-Out-of-Three [4] coincidence gate and an OR gate.

The Two-Out-of-Three coincidence requirement reduces the noise counts.

The actual “stop” timing is derived from the output of the OR circuit. Before
each run, the delays among the three phototubes and zero crossing discriminators are
carefully matched so that the centroids of the timing distributions for the three tubes
are exactly coincident in time (i.e., total spread less than 200 ps) at the input to the
OR circuit. For each individual event, however, there will generally be some spread
in the time of arrival of the three pulses. Since the Time Interval Counter is triggered
by the leading edge of its input pulse, timing from the output of the OR circuit means
that the timing is actually determined by whichever of the (nominally coincident)
pulses arrives first. This procedure makes the best use of the timing information from
the scintillator.

Signals from dynode 14 of each phototube are summed in a fast adder-discrimi-
nator. Since the gains of the phototubes are carefully matched, this provides a con-
venient method for setting the overall bias level, which is usually set at about 160
keV energy neutrons.

The outputs of the Two-Out-of-Three coincidence, the “OR” and the fast adder-
discriminator are suitably shaped and delayed, and applied to the inputs of an AND
circuit, along with the output of a delayed gate generator which is used to define the
timing range and hence the energy range. If no neutron is detected during the time the
delayed gate is open, the marker pulse generator provides an artificial stop pulse which
resets the Time Interval Counter.

A4.2. System Response Function

We have used two approaches in determining the response function of our system:
synthesis and analysis. In the synthesis approach, we fold all the known contributions
to the response function to obtain the final overall response function. We have used
contributions from the following sources:

1. Electronic response function
2. Neutron detector thickness
3. Neutron source thickness

4. Electron beam pulse width
5. Timing channel bin width

The electronic response function was determined by a coincidence technique using
2Na y rays. For y rays whose pulse height was approximately equal to that of 0.5 MeV
neutrons, the response function was 3.5 ns FWHM. The detector and source response
functions are truncated exponentials determined by the mean free path of the neu-
trons and their flight time in the medium. The electron beam pulse shape was assumed
to be a 2 ns wide Gaussian, as determined from measurements of the gamma flash
shape through thick absorbers.

3 Manufactured by Nuclear Enterprises, Inc.



RESPONSE FUNCTION COMPONENTS AT .5 MeV
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FIGURE 3. Elements of response function, evaluated at ~ 500 keV.

All of these contributions, evaluated at approximately 500 keV neutron energy,
are shown in figure 3. The synthesized overall response function is shown in figure 4
and has a width of 8 ns or 2.2 keV at 530 keV.

The response function was also determined by analysis of the 534 keV line in Si.
The natural width of this line is considerably less than the response function of the
system so that the shape of the transmission line is a good indication of the response
function shape. To improve the analysis, the natural Breit-Wigner shape (determined
by area analysis of the transmission) was unfolded from the transmission. The re-
sponse function thus obtained has a width of 2.4 kilovolts or 9 ns. The response func-
tion used at 530 kilovolts is the compromise shown by the dashed line in figure 4.

It should be noted that the response function improves rapidly above about
600 keV neutron energy, since the electronic response function as well as effects
due to source and detector thicknesses all improve at higher energies. The measured
(analyzed) response function is about 5.5 ns (11 keV) at 2.1 MeV and about 3.4 ns
(120 keV) at 14 MeV. Figure 5 shows the width of the response function as a function
of neutron energy. The points are from analyses of narrow resonances. (The point at
14 MeV is the measured direct response to 14 MeV neutrons generated by the NBS
Van de Graaff.)
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FIGURE 4. Time-of-flight response function. at 580 keV.

A4.3. Gamma Flash

When the linac electron beam strikes the neutron-producing target, an intense
burst of gamma rays (the “gamma flash”) is produced. The gamma flash produces
three undesirable effects in the detector:

1. A very large primary pulse, which may cause over-load and baseline shift

problems;

2. An after-pulse, occurring approximately 600 ns after the main pulse; and

3. An enormous increase in phototube noise for approximately 750 ns after the

gamma flash pulse.

The after-pulse is caused by the photoelectrons from the gamma-flash pulse ioniz-
ing the residual gas in the region between the photocathode and the first dynode :a
the phototube [5]. The ions are isochronously accelerated back to the photocathode,
causing the observed after-pulse.

Since the problem occurs in the “front end” of the phototube before the photo-
electrons even reach the first dynode, pulsing off the phototube in the usual way,
i.e., pulsing off the first few dynodes, will not help. It was pointed out by Farinelli and
Malvano [6], however, that a phototube can be just as well turned off by pulsing its
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focus electrode. In our case, we are not really concerned with turning off the photo-
tube per se: our object is specifically to reverse the electrostatic field near the photo-
cathode so that the enormous number of photoelectrons generated by the gamma
flash are not accelerated down the photocathode-first dynode space. We do this by
applying a 600 volt negative pulse to the focus electrode of the 58AVP during the
gamma flash.

Figure 6 shows the electrostatic field lines in the front end of a 58AVP as mapped
out on an analog electrostatic field plotter. (For clarity, we show the field lines which
would exist with the photocathode at ground and + 2600 volts on the anode; in actual
practice the anode is at ground and —2600 volts is applied to the cathode.) Figure 6a
shows the field lines during normal operation; figure 6b shows the field lines with
—600 volts applied to the focus. Note the reversal of the field at the photocathode,
so that photoelectrons are not accelerated down to the first dynode.

After the applied pulse, the photomultiplier gain recovers as rapidly as the pulse
decays, which in our case is about 100 ns (caused mainly by the stray capacity of the
leads and the phototubes.)

This method of eliminating the after-pulse also, of course, essentially eliminates
most of the primary gamma flash pulse itself. Further details of the phototube pulsing
as well as a circuit diagram of the pulser, have already been published [7].

While the phototube becomes rather noisy for several microseconds after the
applied pulse, the Two-out-of-Three coincidence requirement eliminates this as a
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FIGURE 6. Electrostatic field lines in the type 58AVP photomultiplier.

The upper part of the figure shows the field lines when the —600 volt pulse is applied
to the focus electrode, G;. The lower part of the figure shows the applied voltages and
resultant field lines during normal operation. For clarity, the voltages shown are those
which would exist with the photocathode at ground and + 2600 volts on the anode. In
actual use, the anode is run at de ground and —2600 volts is applied to the cathode. The
field lines are, of course, the same in either case.

problem. A much more serious noise problem is caused by the gamma flash itself.
While the noise from the gamma flash pulse decays after about 750 ns, it is so intense
during this period that a significant number of accidental coincidences are recorded.
Requiring a three-fold (rather than 2/3) coincidence helps, but results in an appreciable
loss of smaller pulses. In addition to pulsing off the phototube, it was also found neces-
sary to reduce the intensity of the gamma flash by using a 1 inch thick tungsten
filter in the beam and by using a neutren-producing target consisting largely of low-Z
material (see sec. A3). In this way, we are able to make accurate measurements out to
about 20 MeV, or 500 ns after the gamma flash pulse.

A4.4. Time Interval Counter

As indicated earlier, the “start” and “stop” signals are analyzed by the Time
Interval Counter. This is a commercial digital timing device! with one nanosecond

‘ Manufactured by Eldorado Electrodata Corporation.



resolution and accuracy. The integral linearity of the device is easily checked by means
of an accurate frequency standard or a marker generator based on such a standard,
and is within one ns.

The differential linearity is checked in the usual way: The Time Interval Counter
is started by a pulse generator, and stopped with random pulses from a gamma ray
source. When properly adjusted the differential nonlinearity is <3 percent, most of
which cancels out in a transmission measurement.

A4.5. Energy Calibration

Our system allows convenient, absolute energy calibration. (By “absolute” we
mean that the energy scale is determined in terms of measured distances and times,
rather than by comparison with other measurements.) The procedure is simply to
record the position of the y-flash using the Time Interval Counter, and then correct
back for the flight time of the gamma rays down the 40 m flight path. This accurately
determines the time of arrival of the electron pulse at the neutron producing target,
relative to some (arbitrary) zero time on the Time Counter. The neutron times-of-
flight are then measured using exactly the same electronics in exactly the same
physical location, and hence are measured with respect to the same (arbitrary) zero.
Since the widths of the timing channels on the counter are known, this gives an abso-
lute measurement of the neutron time-of-flight. A measurement of the path length
then gives a direct measurement of the neutron energy.

The uncertainty in the energy scale determination arises primarily from uncer-
tainties in the timing measurements. These include nonlinearities of the Time
Counter, long-term (i.e., a few days) drifts in the timing, and systematic timing differ-
ences between neutrons and gamma rays. The non-linearities and long term drifts
have both been carefully checked, and are less than 1 ns and 2 ns, respectively. While
it is difficult to measure directly the difference in the timing response of the scintilla-
tor-phototubes-discriminators between neutrons and gammas, it is known that NE
211 does not show any difference in response between neutrons and gammas. The
slewing between small pulses (due to low energy neutrons) and large pulses (from the
gamma flash) is approximately 1 ns.

The path length has been measured with a geodimeter® to an accuracy of 0.02
percent; this contributes a negligible error to the energy scale uncertainty. A minor
problem arises due to the detector thickness. The detector is approximately 4 mean
free paths thick at 0.5 MeV, and 0.3 mean free paths at 20 MeV. Therefore, the low
energy neutrons effectively stop near the front face of the scintillator, whereas, on the
average, the high energy neutrons stop nearer the center. Thus, the effective path
length is greater for high-energy than for low energy neutrons. This difference in
path length (amounting to almost 0.1%) can, however, easily be calculated and is cor-
rected for.

The final energies are all calculated relativistically.

Taking all the above factors into consideration, the over-all uncertainty in the
energy scale determination is 0.04 ns/m (e.g., = 8 keV at a neutron energy of 2 MeV).

Below about 2 MeV this compares very favorably with the best work reported from
Van de Graaff accelerators. At higher energies, some high-accuracy Van de Graaff
experiments (8] have smaller errors, but, in any case, the time-of-flight method has

s We are grateful to Mr. George Lesley of the U.S. Coast and Geodetic Survey for making this
measurement.

the great virtue of allowing a direct measurement. It is worth noting that there is
excellent agreement, even at the higher energies, between our energy scale and that
reported by the Wisconsin group [8] (i.e., agreement within ~ 8 keV at 6 MeV neutron
energy).

A4.6. Data Handling

The data from the Time Interval Counter, as well as the counts from the moni-
tors, various scalers, clocks, ete. are all handled by the NBS on-line data handling
system. The general features of this system have been described previously [9], and
a detailed report of our use of the system has been published [10]; hence, only the
major features will be reviewed here.

The on-line data handling system has been constructed around an XDS 920 com-
puter. (16K core memory, 24 bit word, and 8us cycle time). The modular concept has
been applied to both the software and hardware design of the system. Associated with
the 80 levels of priority interrupts are programs used to record the experimental data.
The priority hierachy insures that the most important data will be recorded first,
after which time the computer can do more routine functions, such as present a CRT
display, output the data ete.

A5. Monitoring

Two monitors are used: a secondary emission monitor (SEM) to monitor the elec-
tron beam, and an NBS P2 ionization chamber [11] which monitors the shower created
in the neutron producing target. The ratios among the monitor counts and the total
neutron counts are printed out periodically during an experiment. The constancy of
these ratios during the course of the experiment is a measure of the overall stability.

It is important to note, however, that the spread in value of these ratios only repre-
sents an upper limit to the error caused by any errors in monitoring. This is because in
our transmission measurements the samples are cycled in and out every twenty
minutes. Hence drifts, with time constants long compared to twenty minutes, will
cancel out.

A5.1. Secondary Emission Monitor

The secondary emission monitor (SEM) consists of three aluminum foils, each
approximately 1 mg/em? thick. A thin layer of platinum (~ 25 ug/cm?) is evaporated
on the aluminum surfaces to reduce ageing effects. Although work in this laboratory
indicates that an SEM may not give very reproducible results for high (> 20 uA) elec-
tron beam currents, the SEM is satisfactory for the low currents (~ 100 nanoamps)
used in this experiment. The ratio of neutron counts to SEM readings show RMS
fluctuations of ~ 1Vz percent duriflg the course of an experiment (i.e., two to three
days).

A5.2. Ionization Chamber

The more stable of our two monitors is a conventional NBS P2 ionization chamber
[11]. The P2 is placed immediately behind the neutron producing target, and hence
effectively monitors the shower produced in this target. Although the P2 may over-
load (due to recombination effects) at high currents, again, as in the case of the SEM,
at the low currents used in these experiments there is no sign of overloading. The
neutron-to-P2 ratios fluctuate by + V2 percent during the course of an experiment.



A6. Sample Thickness Considerations

It had been customary to use fairly thin samples—50 percent to 70 percent aver-
age transmission—in total cross section measurements. In a low background situa-
tion, however, there are two factors which argue for the use of thicker samples—say,
< 15 percent transmission.

First, Rose and Shapiro [13] long ago showed that where the background is low,
the optimum sample for minimum statistical error is approximately two mean free
paths thick; i.e., transmission ~ 15 percent.

Secondly, the over-all cross-section accuracy (as opposed to the statistical preci-
sion) may be improved by the use of a thick sample. This is easily seen: since T=e-"7,
where T is the measured transmission, n is the areal density of the sample (in units, of,
say, atoms/barn) and o is the total cross section,
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(We call the dimensionless quantity no the “sample thickness.”)

Thus, for example, an error in normalization will give a constant fractional error
in the transmission. Equation (1) shows that for this case, the resultant error in the
cross section may be reduced by simply running a thick sample. Equation (1) also ex-
plains why a particular cross section measurement may be accurate where the cross
section o is high, but have large fractional errors where o is low.

On the other hand, eq (1) does not, of course, mean that one can achieve arbitrarily
small errors in the final measured cross section by using arbitrarily thick samples.
In addition to losing statistical precision for samples whose thickness is far from
optimum, for very thick samples (ro >5; T <1%) the in-scattering correction (see
sec. A7.3) becomes large and difficult to calculate, even in good geometry. More im-
portant, for thick samples, the background correction becomes large, and the ever-
present uncertainties in the background can become the dominant error.

In addition, if the instrumental resolution width is wider than the natural width of
any structure to be measured, the observed peak cross sections will be higher for
thinner samples. In other words, a thick sample worsens the apparent resolution.
This is sometimes referred to as a “beam hardening” effect.

A final complication derives from the simple fact that cross sections vary with
energy, hence a particular sample which is “thick” at one energy may be very “thin”
at another energy.

Thus, while it is clear that the sample thickness has an important function in de-
termining the quality of a total cross section measurement, the procedure for choosing
the “n” value of the sample is much less clear. Careful consideration must be given to
all the sources of error in a particular experiment, as well as the use to which the
final data will be put, before the optimum sample thickness can be sensibly chosen. In
our case, the background is very low and well-behaved (see sec. A7.1). In addition, an
important use of our data was to be as input in neutron transport calculations; for
deep-penetration calculations the minima in the cross section are most important.
Thus, relatively large “n” values seem to be called for. Such samples might, however,
be too thick to give any useful information in regions where the cross section is high;
hence we generally ran with two different samples. The “n” value for the thicker
sample was commonly > 1; “n” for the thinner sample was a factor of 2 to 4 less.

We thus had samples appropriate to cover a wide range of cross section values and,
in addition, the data from the two samples provided an important check on internal
consistency. (The exact “n” values used are listed for each element in the main body
of this report. It will be seen that even the “thin” samples are rather thicker than has
been customary in this type of measurement.)

A7. Corrections to the Data
A7.1. Background

The background is measured by simply inserting a “shadow bar” (32 cm of copper
nlus 15 em of polyethylene) in place of the transmission sample. The background count-
ing rate is generally less than 0.3 percent of the open beam counting rate. About half
of the background is due to cosmic rays and natural room background, and the other
half is associated with the linac beam. The background is flat and structureless, and
quite constant during the course of a run.

We have investigated the question of whether the true background is adequately
determined by this simple shadow-bar measurement. We have, for example, measured
counting rates with the detector off-axis, at “long” times-of-flight between machine
bursts, with the beam purposely missteered, with various combinations of shielding
and beam stops, etc. We find no significant background beyond that measured with the
shadow bar technique. We note that our cross section measurements tend to be rather
immune to background caused by neutrons which scatter off the walls of the measure-
ment room and return to the detector, since such an event must occur within 4 us of
the beam burst (at which time our gate closes) and must give a pulse larger than a
160 keV recoil proton.

The “black resonance” technique commonly used to measure backgrounds in the
eV and keV regions can not be used in the same way in the MeV region, simply because
the peak heights are so much lower. Nevertheless, a measurement with black (or
almost black) resonances does provide a valuable check on backgrounds determined
from shadow bar measurements. This was generally the case in our “thick” sample
measurements and the results (albeit often with rather poor statistics) were consistent
with our assumed background. The 2.95 MeV resonance in carbon, for example, was
studied with a quite thick sample (n=1.2) for which the transmission T was 2.4 percent,
and with a thinner sample (n=10.48) with 7'=283 percent. The final value for the peak
cross section was the same for the two samples, despite the factor of ten difference in
transmission, indicating that the background was accurately known.

A7.2. Dead Time

With a low duty cycle machine (maximum rep. rate="720 pulses per second) and
an electronic system which will only record one count per pulse, it is difficult to obtain
good counting statistics in each of several thousand channels in a reasonable amount
of running time. In addition to optimizing the sample thickness (sec. A6), it is also
necessary to run at high counting rates, which unfortunately, means that large dead
time corrections are required. In practice we select a beam current such that during
the “open” runs, an average of one neutron per burst is detected by the “stop” detector.
For this case, Poisson statistics show that the average number of neutrons actually
recorded by the electronics is (1~1/e) per burst, and in the last timing channel (lowest
energy neutrons) the ratio of true counts to recorded counts is equal to e.

For a “one-shot” electronic system which completely recovers between pulses,
it has been shown, [14] however, that to first order the dead-time correction is a sim-



ple, exact, analytical function which only involves explicitly measured quantities.
Specifically,
T= o ——
1-[ S Ris+ Ri2S]

c=1
where T is the true number of counts in channel i; R, is the number of recorded counts
in -channel i; S is the total number of start counts; and IR, is the sum of all the
recorded counts from channel 1 to channel (i-1).

This is, however, only a first-order correction and is exact only to the extent that
the counting rate remains constant during the course of a run. (A “run” is generally
20 minutes, as noted in section A5.) If the counting rate fluctuates, there is a second-
order correction which must be made numerically. The second order correction is
minimized by taking data only when the beam current (and hence the counting rate)
is within =+ 10 percent of a predetermined value. This is accomplished by driving a
meter-relay from the integrated output of the ionization chamber beam monitor. If
the beam current varies from its original value by more than 10 percent, the meter
relay turns off the counting equipment. In practice, the linac beam current is generally
stable enough in intensity so that it remains well within the +10 percent limits. Under
these conditions, the second-order dead time correction is negligible.

We have verified these expectations experimentally, primarily by running at
different neutron counting rates and by recording “flat” timing spectra from radio-
active sources at counting rates equivalent to those obtained under actual running
conditions. We find that these large corrections can be made very accurately and in-
troduce negligibly small errors in the final result. This is further verified by the good
agreement between thick and thin sample measurements.

By using thick samples and counting at relatively high rates, in ~ 50 hours of
running time the statistical errors are approximately 2 percent over most of the 3500

channels.
A7.3. Inscattering

The good geometry which is intrinsic in a time-of-flight experiment almost auto-
matically insures that the inscattering correction will be small.

. . A . N
The fractional change in the total cross section, %, due to inscattering is given
t

by [15]:
2 2]

a 73 ot
where

7, is the sample-to-source solid angle,

7. is the detector-to-sample solid angle,

73 is the detector-to-source solid angle,

a(0) is the scattering cross section at 0° in b/sr.

A-T

In our case, the first term in brackets (called the “inscattering index” by Foster
and Glasgow [16]) equals 2 X 10-* for our 5-cm diameter samples. The second term is
generally 0.5 or less. The last term, which is essentially a multiple scattering correc-
tion to the in-scattering varies between 1 and 3 for the sample thicknesses used in
these measurements. Hence, the overall in-scattering correction would be approxi-
mately 104, and is, therefore, generally ignored.

A8. Summary

In the appendix we have described the NBS system for making accurate total
cross section measurements in the MeV energy region, the main body of this Mono-
graph consisting of detailed curves of the cross sections measured with this system.
In future publications we will discuss some of these measurements in detail, and make
comparisons with results from other laboratories.

We should like to thank Julian Whittaker for his inestimable contributions to the
electronics and instrumentation. It is very doubtful that this program would have
succeeded without his active assistance.
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