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The neutron detection efficiency of a liquid scintillator (NE-213, 
12 cm diam. x 5.7 cm) was measured with various bias settings 
corresponding to proton energies from 1 MeV to 6 MeV. For 
neutron energies below about 12 MeV a simplified calculation 
fits the data very well and the uncertainty in the shape is less than 

2 %. The importance of contributions from the reaction 
l~C(n,n')3~t above that energy is shown. An extensive survey of 
publications dealing with the efficiency of organic scintillators is 
also presented. 

1. Introduction 

The quality of angular distribution measurements of 
neutrons with the time-of-flight method depends 
strongly on the precise knowledge of the energy 
dependence of the neutron detection efficiency, espe- 
cially when light nuclei are involved (see, e.g., ref. 1). 
Organic scintillators 2'3) are generally used in the 
measurements. Because of the generally high y back- 
ground recorded by these detectors, n-~ discrimina- 
tion 4) should be used. Liquid scintillators have better 
discrimination propertiesS); therefore they are very 
often the best choice. 

Previous publications on efficiency measurements 
dealt either with energies below 5 or 10 MeV or with 
very high energies up to 390 MeV (see table 1). Below 
about 12 or 14 MeV (depending on the pulse-height 
bias and the type of scintillator), the measurements and 
even simplified calculations agree very well. For the 
higher energies, agreement within 10% between mea- 
sured points and calculations is generally achieved. 

In fast neutron scattering, as done at the time-of- 
flight facilities of the Los Alamos Scientific Laboratory 
(LASL), the knowledge of the energy dependence of 
the efficiency (relative efficiency) is one of the limiting 
factors. Energies up to about 23 MeV are measured. 
Few published efficiency curves extend above 14 MeV, 
and these are either of low statistical quality 6) or are 
based on a few points between 14 MeV and 30 MeVT-14). 
Further, as will be discussed later, these curves cannot 
be applied to a detector of different size or with a 
different scintillator. 

Calculations in this range suffer from complications 

* Work performed under the auspices of the U.S. Atomic Energy 
Commission. 

t On leave from the University of Vienna, Vienna, Austria. 

due to the reaction 12C(n,n')3~t which is, therefore, 
often not taken into account 6'xS-~s) despite its known 
importance 7,1 o,x 3.19-23). To determine the efficiency in 
this energy range with sufficient confidence, a precise 
measurement seems to be the best solution. Thus, the 
pronounced contribution from the reaction ~2C(n, 
n')3~ can best be accounted for. 

In this work the efficiency was derived by comparing 
the yields of ~H(n,n)~H angular distribution measu- 
rements with the corresponding differential cross 
sections. 

2. Survey of efficiency determinations 

The difficulties in calculating the detection efficiency 
for neutrons arise from the need for a nonzero pulse- 
height bias to discriminate against noise. Sometimes a 
rather high bias improves the signal-to-background 
ratio. This selection of events with a pulse height above 
a chosen bias introduces problems because of the 
different types of neutron interactions in the scintil- 
lator23). And it is not a straightforward procedure to 
find out which interactions result in a pulse-height 
above the bias and which do not. The position of the 
bias within the pulse-height spectrum must be accu- 
rately located. 

Above about 12 MeV the reaction 12C(n, n')3~ which 
has a threshold at 8.3 MeV contributes about one half 
of the total nonelastic cross section19), and therefore 
it must not be neglected. However, the kinematics of 
this reaction are not well known, so there is little 
information on the division of the reaction energy 
among the reaction products. Because of the non- 
linearity of the light-response curve, it does not help 
much to know the total dissipated energy. 

Because of these difficulties, severalr,~5-~a), but not 
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a1119'22'23), codes for the efficiency calculation neglect 
the n-3 g process in carbon. 

Even if all reactions are taken into account, an 
adjustment of the calculation to experimental data is 
necessary. This becomes necessary not only because of  
the lack of information on the reaction mechanisms 
(and uncertainties in the cross sections) but also 
because of uncertainties in the response curves of the 
detector for the various particles. These curves differ 
for different types of scintillators, but even for scin- 
tillators of the same type there may be a noticeable 
difference24). This is due to differences in impurities, 
in the light attenuation 25) and in the pulse-shaping time 
constants which affect the pulse-height contributions 
with different decay times differently. Therefore it 
seems necessary to check an efficiency calculation at 
several energies by an experiment, if a precision of 
better than about 5% is necessary. 

Several methods have been applied to determine the 
efficiency experimentally. 

1) Point-by-point comparison with a calibrated 
detector (long counter, counter telescope, fission 
chamber, e t c . ) 6 ' l  1 '18 '26-29).  

2) Associated particle method. The flux of neutrons 
impinging on the detector is measured by detecting the 
associated charged particles of  the neutron-producing 
reaction3°-32). At high energies the associated recoiling 
protons of the elastic n - l H  scattering are detected 7-9' 
12,23,33). 

3) The differential method 1°'~4) as introduced by 
Bowen et al.a4). If  the carbon-to-hydrogen ratio of two 

hydrocarbon scintillators differs, then the absolute 
efficiency of either can be calculated from a measure- 
ment of their efficiency ratio with the knowledge of 
the neutron total cross sections of  hydrogen and carbon. 

4) Comparison of the yields of an angular distri- 
bution measurement with the corresponding differen- 
tial c r o s s  sections, 2 H ( d , n ) a H e  34), 3 H ( p , n ) 3 H e  35), o r  
~ H ( n , n ) l H  17,29,31,36--38). 

With the last method, one can obtain only a relative 
efficiency curve. If  necessary, the absolute scale can be 
established by measuring the incoming flux (either with 
a calibrated detector or by the associated particle 
method) or by normalizing the curve (by means of  one 
absolute measurement or a calculation). 

3. Method 

In order to minimize some of the systematic errors, 
it is advisable to measure the detector efficiency in the 
same geometrical arrangements (same flight path for 
equal acceptance angle of the detector and for equal 
attenuation by the air, same collimator and shielding 
configuration) and at counting rates similar to those 
in the main experiment. Therefore, if the detector is 
to be used in a scattering experiment, elastic scattering 
from hydrogen is the best choice. 

The absolute efficiency, 8abs, as derived from an 
angular distribution measurement for incoming neu- 
trons with an energy E o is given by 

eabs(E,B) = ~abs(E0,  0L,  B) 

= h "  YH/[NMon" O'H(E0, OL)] , (1) 

TABLE 2 

Experimental conditions for the individual angular distributions. 

Set 
no. 

Neutron product ion 

Eo 
(MeV) 

AEo 
(fwhm) 
(MeV) 

Reaction 
type 

Scatterer Settings 

Mass of  
Distance CH~ No. o f  No. o f  

f rom target q~ sample biases angles 
(cm) (g) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

I0 
11 
12 

3.7 
6.9 
8.5 

12.5 
13.6 
22.4 
23.7 
25.0 
27.1 
27.1 
28.5 
30.0 

0.14 
0.20 
0.10 
0.09 
0.09 
0.24 
0.15 
0.15 
0.13 
0.12 
0.12 
0.13 

T (p, n)aHe 
D (d, n)aHe 
T (p, n)aHe 
T (p, n)aHe 
T (p, n) aHe 
T (d, n)4He 
T (d, n)4He 
T (d, n)4He 
T (d, n)4He 
T (d, n)4He 
T (d, n)aHe 
T (d, n)4He 

12 45 ° 2.82 11 7 
20 55 ° 2.82 6 5 
12 45 ° 2.82 11 7 
20 45 ° 11.31 11 4 
12.5 70 ° 7.48 2 4 
20 30 ° 11.31 1 11 
12 45 ° 11.31 11 3 
20 45 ° 11.31 10 13 
12 45 ° 11.31 11 4 
20 20 ° 11.31 1 8 
20 45 ° 11.31 10 5 
12.5 70 ° 7.48 1 4 
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with 

E 
B 
OL 
h 
r .  = 

= scattered neutron energy, 
= pulse-height discriminator bias, 
= scattering angle (in the laboratory), 
= proportionality factor, 

number of counts in the hydrogen peak of the 
time-of-fright spectrum, corrected for atte- 
nuation and dead time, 

aH = differential cross section for neutron scattering 
in the laboratory system, and 

NMo,= normalization number, proportional to neu- 
tron dose accepted by the scattering sample. 

The proportionality factor, h, drops out if one is 
interested only in the relative efficiency, 8(E,B), as is 
the case in angular distribution measurements that are 
being normalized by means of  cross section standards. 
h contains the proportionality factor between NMon and 
the actual neutron dose, the solid angle suspended by 
the neutron detector with respect to the source, and the 
actual number of  scattering hydrogen nuclei. The use 
of the differential 1H(n, n) lH cross section as a standard 
is discussed by Hopkins and Breit39). 

4. Experimental details 

The angular distributions of monoenergetic neutrons 
scattered from hydrogen in a polyethylene (CH2) 
sample were measured by the time-of-flight (TOF) 
method. The neutron-producing reactions used and the 
incoming energies, E o, are listed in table 2 together 
with other experimental conditions. 

4.1. THE PRIMARY NEUTRON BEAM 

The bunched beam of a Van-de-Graaff accelerator 
with a typical burst length of  1 ns was used for neutron 
production. The ~ 3 cm long neutron target 4°) was 
filled with tritium (or deuterium) gas at a typical 
pressure of 2.8 bar (41 psia). For a proton beam, the 
entrance foil was 9.57 mg/cm 2 of 58Ni and the beam 
stop was made of 58Ni; for a deuteron beam the foil 
was 7.92 mg/cm 2 molybdenum and the beam stop was 
made of gold. 

The normalization number NMon of eq. (1) was 
obtained in two independent ways. A monitor detector 
viewed the target under an angle of 110 °. This position 
alIowed enough space around the neutron target for 
the experimental setup. The monitor detector had a 
thin plastic scintillator and utilized the TOF method 
(flight path about 1.27 m) for isolation of  the neutron 
peak of  interest. The counts in the time window of 
interest, NMon, are proportional to the number of  
neutrons produced and since the acceptance angle of 

the scattering sample stays the same throughout the 
experiment, it is proportional to the number of 
neutrons impinging on the sample. 

If  the number of target nuclei (respectively the areal 
density) in the neutron-producing target stays con- 
stant4°), the integrated beam current hitting this target 
is proportional to the dose. Therefore the beam current 
integrator was used to cross-check the monitor detector. 

4.2. THE SCATTERING SAMPLE 

Perhaps the greatest deficiency of using hydrogen as 
a cross-section standard is that it is not available as a 
solid sample in the pure state. Either it must be 
contained, or a solid hydrogen compound must be 
used. One of the best choices is polyethylene. It has a 
high hydrogen concentration, it is readily available, 
and the neutron cross sections of carbon, its only other 
constituent, are rather well known. To correct for the 
background at the position of the hydrogen peak, a 
separate run with a graphite scatterer is necessary to 
determine the background stemming from the carbon. 

There is another advantage (besides the small 
uncertainty of the cross sections) in using hydrogen for 
the efficiency measurement. Because of its small mass, 
rather large energy ranges can be covered in angular 
distribution measurements at each incoming energy. 
Even with the restriction to an angle range between 20 ° 
(because of shielding problems of the primary neutron 
source at smaller angles) and about 50 ° (large energy 
spread at bigger angles due to kinematics), a factor of 
2 between minimum and maximum energy for the 
efficiency measurement is obtained. 

The restriction to a small angular range (35°_+ 15 °) 
allows us to take advantage of the fiat plate geometry. 
Compared to the geometry using cylindrical samples, 
this offers two advantages: 

- for the same mass, the multiple scattering proba- 
bility is smaller; 

• - 2 0  c m  • / /  

BUNCHED ~ _ '  
BEAM I I_____Eo_ . . . . . . . . . . .  

' T  EUTRON 
TARGET " ~ /  ". E(Eo,0L) SCATTERER 

~6eo ~ ~ //DETECTOR 

Fig. 1. Geometry for the elastic neutron scattering from a flat 
CH~ plate. 
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- the attenuation correction can be calculated in a 
straightforward way. 

The scattering samples, rectangular slabs with lateral 
dimensions of  about 4 cm by 3 cm, were located at 0 ° 
with respect to the charged-particle beam (see fig. 1). 
The sample thickness (0.25 cm to 1.00 cm for CH2) 
was chosen so that the attenuation in the slab was less 
than 10% in nearly all cases. For  thin fiat CH2 samples, 
the attenuation correction, acH2, can be obtained from 

acH 2 = exp {t[nctrc(Eo) + nntrH(Eo)]/2 sin • + 

+ t[nctrc.(E) + nnan(E)]/2 sin(~+0L)},  (2) 

t = sample thickness, 
nc = number of carbon atoms per volume, 
a c = total cross section of carbon, 
n H =  number of hydrogen atoms per volume, 
an = total cross section of hydrogen, 

= angle of scatterer with respect to beam, 
acn = total nonelastic cross section of carbon. 

The first part of the exponent takes the attenuation 
of the ingoing beam into account, the second part that 
of the outgoing beam (multiple scattering). The mul- 
tiple-scattering correction works under the assumption 
that no event is recorded in the time window of interest, 
if the second event was a nonelastic scattering from 
carbon or an elastic one from hydrogen, both degrading 
the neutron energy appreciably. Elastic in- and out- 
scattering from carbon is assumed to cancel. These 
crude assumptions are justified by abundant exper- 
imental evidence that eq. (2) gives agreement in the 
yields to better than 1% even for slabs about twice as 
thick as the ones actually used. 

To correct properly for the background, each 
hydrogen yield, Yn, had to be derived from three 
individual runs: one foreground run (with CH2) and 
two background runs, one using a graphite sample C 
of similar geometrical dimensions and one using no 
sample at all (indicated by the index MT). 

Then YH can be determined from the following 
expression: 

YH = al Yen2 - -  k 2 " a 2 Y c  - ( a l - k 2 a 2 )  YMT, (3) 

ai = attenuation correction for the sample, 

Yi = measured individual yields in the time window 
of interest, 

k2 = ratio of C atoms in the C H  2 sample and the C 
sample. 

The individual yields, Yi, are obtained from the TOF 
spectra by adding up the counts in that time interval 

in which neutrons scattered from H arrive. Besides, 
all runs must be normalized to a standard number ot 
monitor counts, Nuon, and the dead time correction 
must be applied. The latter was done by counting the 
number of bursts after each recorded event during 
which the electronics could not process other events. 
Division by the number of all bursts gives the percen- 
tage-dead-time if the beam current is reasonably 
constant and low enough so that multiple events per 
burst can be neglected. 

At intermediate energies (around E o - 10 MeV) the 
peak of neutrons inelastically scattered from carbon 
(exciting the 4.4 MeV level) frequently coincides with 
the hydrogen peak. Then k2 a2 in eq. (3) is not neces- 
sarily the proper adjustment factor, because the 
attenuation of these neutrons is different in the CH2 
sample and in the C sample. The effect of extremely 
different adjustments on YH was never more than 2%. 
Therefore, in these cases an adjustment error of + 1% 
takes care of this uncertainty. 

At energies above about 20 MeV the hydrogen peak 
overlaps with the background peak (consisting of the 
primary neutron peak, and of the elastic and inelastic 
carbon peaks). The carbon peaks are attenuated 
differently in the polyethylene and in the graphite 
sample, introducing an error when using eq. (3) for 
background subtraction. This error increases with 
increasing overlap of the peaks, limiting the useful 
energy range of the simple method described here to 
below about 25 MeV. At 25 MeV background sub- 
traction errors up to 5% can be expected unless the 
background is adjusted in a more realistic way than 
that implied by eq. (3). 

l 6.4 cm 9.8  cm 

SIDE VIEW FRONT VIEW 

Fig. 2. Side and front view of  the glass container for the liquid 
scintillator. 
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The scattering samples were mounted on a sample 
wheel and changed by remote control. 

4.3. THE DETECTOR 

The shape of the glass housing for the liquid scin- 
tillator is shown in fig. 2. The small secondary con- 
tainer connected to the main container by a thin tube 
accepts the gas bubbles of the scintillator liquid. All 
bubbles must be removed from the main container 
because they have a detrimental effect on the light 
collection. The side with the secondary container views 
the scatterer. The opposite, flat side is optically coupled 
to a 5 in. 56AVP photomultiplier. The sensitive length 
of the scintillator is about 5.7 cm. There is a light-tight 
housing around the detector with an entrance window 
of  0.26 cm aluminium. 

The glass housing was sent to Nuclear Enterprises, 
Winnepeg, Canada, to be filled with NE218, which 
has an especially high hydrogen concentration. How- 
ever, the results of this investigation are inconsistent 
with such high H concentration. Consequently, a 
Raman spectroscopy comparison with a NE213 and a 
NE218 sample was made by L.H. Jones of Group 
CNC-4 of this Laboratory, showing the similarity of 
the Raman spectrum of our detector with that of the 
NE213 sample rather than with that of the NE218 
sample. Therefore one must assume that the glass 
container had been filled erroneously with NE213. 
This mistake is, however, of no importance for the 
results of previous measurements done with this 

linear 

~ :  bursts 

• Beam =¢ lost 
pick-off bursts 

I ,Ac I 

I I I I I [Gate 

Fig. 3. Simplified circuit diagram. M o n . =  monitor  detector, 
P.A. = preamplifier, Amp.  = amplifier, Disc. = discriminator, 
Col. = (slow) coincidence, TAC = time-to-amplitude converter, 

SCA = single channel analyzer, M.D. = main detector. 

detector (claimed to be NE218 as reported, e.g., in 
ref. 1) because in all cases the actual efficiency had been 
measured, not calculated. 

The efficiency was measured under the same con- 
ditions that occur in the actual angular distribution 
measurements for which the detector is mainly used. 
Thus systematic errors such as attenuation by the air 
and inscattering from the collimator and the shielding 
material are minimized. The large shield consisting of 
copper, lead, and polyethylene with a copper colli- 
mator and a tungsten shadow bar could be moved 
around the center of the scattering sample with the 
help of air pallets. The scattering angle was measured 
by means of a digitizer and was known to within 
+0.1 °. 

4.4. THE ELECTRONICS 

A simplified schematic of the electronic setup is given 
in fig. 3. There are two independent TOF branches, 
one for the monitor and one for the main detector 
(M.D.). The start pulses for the time-to-amplitude 
converter (TAC) are derived from the fast signals of 
the photomultiplier, the stop pulses from signals of 
the beam pickoff. 

In the monitor branch, the neutron peak in the TOF 
spectrum was selected by means of a single-channel 
analyzer (SCA) giving the number NMon for the nor- 
malization of the individual runs. 

From the main detector three signals were derived: 

- the fast signal for the start of the TAC, 
- the linear (slow) signal for the pulse-height spectrum, 
- the lay  signal for the n-y discriminator. 

The TOF spectrum and the linear spectrum were fed 
into two ADC's  (256 channels) connected on-line to 
an SDS-930 computer, giving two-dimensional infor- 
mation on energy (TOF) and pulse-height. The gating 
signals for the ADC's  were the output pulses of  the 
n-y discriminator. The dead time was measured by 
means of an OR-gate and an AND-gate as shown in 
fig. 3, using the method described in section 4.2. 

4.5. PULSE-HEIGHT CALIBRATION 

The light output from organic scintillators in 
response to electrons is sufficiently proportional to the 
energy so that the pulse-height is commonly expressed 
in electron energy. The most convenient way to 
introduce electrons into the scintillator is by generation 
of Compton electrons by y-rays. The pulse-height at 
half the height of the Compton peak does not really 
correspond to the energy of the Compton edge, but is 
higher by a factor of 1.04__ 0.0141) or 1.05_ 0.016). The 
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response curve, the ratio between pulses from protons 
and from electrons of the same energy, was obtained 
by comparing the pulse-height spectra for mono- 
energetic neutrons with the Compton edge of la7Cs 
which corresponds to 478 keV electron energy. From 
this the equivalent proton energies of the pulse-height 
discrimination biases, set at multiples of  one "Cs-unit",  
were derived (see table 3). 

TABLE 3 

Pulse-height- to-energy conversion and  parameters  for calculated 
fits. (Cons tan t  parameters  for the fit: B ' = O . 4 4 B  *, n i ~ ' t  = 

= 0.26 x 1034 at/cm2.) 

Cor responding  
Pulse-height  bias p ro ton  energy B* 

(Cs units)  (MeV) (MeV) 

0.4 1.1 1.06 1.026 
0.5 1.3 1.21 1.021 
1.0 2.0 1.94 0.971 
1.5 2.6 2.53 0.945 
2.0 3.2 3.05 0.927 
2.5 3.7 3.59 0.911 
3.0 4.2 4.08 0.899 
3.5 4.7 4.53 0.891 
4.0 5.1 4.95 0.885 
4.5 5.5 5.40 0.882 
5.0 5.9 5.80 0.874 

The conversion in table 3 is subject to an error of 
about 5%. As this error does not enter into the 
measurement of the efficiency but only into a calcu- 
lation, no attempt was made to reduce it. For the 
measurement it is important only that the pulse-height 
discrimination bias can be set reproducibly. 

5. Data reduction and results 

As pointed out in section 4.4, the TOF and the pulse- 
height of each event were recorded simultaneously. The 
on-line computer stored up to 11 TOF spectra, selecting 
the events according to the pulse-height biases. Dead- 
time corrections and normalizations to the same 
number, NMon, of monitor counts were done on-line. 

The tape generated by the on-line computer was 
then evaluated off-line. The differential TOF spectra 
of each run were summed to give the integral spectrum 
above the bias of interest. The yield for the hydrogen 
peak was then calculated by subtracting the two 
background contributions from the total counts 
[according to eq. (3)] after proper normalizations. Thus, 
yields, Yn, for each of the 12 angular distribution 

measurements listed in table 2 were derived. Each 
distribution gave the energy dependence of the detector 
efficiency for several energies, but as h in eq. (1) differs 
for each distribution, the results have different scale 
factors. Having many overlapping energies at hand, 
one arrives at an interleaving system of proportionality 
factors and one can join the results from the different 
sets reliably. 

The final scale was obtained by calculating the 
absolute efficiency at one energy in a simplified way 
and by normalizing all points to this calculated value. 
To decrease the influence of multiple scattering, this 
energy should be as high as possible with respect to 
the bias. On the other hand, it must be low enough 
that nonelastic reactions in carbon do not show up. 
The shape of the curves suggests that 12 MeV with a 
1 x Cs bias is a good choice. 

The simplifications of  the calculation consist of  the 
following assumptions: 

1) Only scattering from hydrogen is important. 
2) The effective areal density for the second scat- 

tering is t. nil~2. (This is a good approximation if 
the bias B is much smaller than E. Then all first 
scatters resulting in a pulse-height below B -  the 
only ones that increase the efficiency in the case of 
a second scat ter-  are small angle scatters which 
do not change the flight direction much.) 

3) The effective neutron energy after the first scat- 
tering is E-B/2. 

4) On the average all pulses above B/2 in the second 
scattering process will result in a pileup pulse 
above B. 

Neglecting the multiple-scattering contribution of 
carbon will make the calculated value lower than the 
actual one. The opposite is true for the neglect of the 
flux attenuation by the carbon. Making the above 4 
simplifications causes at most an error of + 10% at the 
chosen energy of 12 MeV. 

Thus we arrive at the formula 

e.b~(E, B) - E-B [1 - e  -t'n"~Ia(E)] x 
E 

x { l+E_B/-------~2B [1-e-~t"~e-n/2~]} . (4) 

For E = 12 MeV, B = 2.0 MeV, and t'nH = 0.27 x 1024 
at/cm 2, one obtains 

8abs(12MeV, 1 x Cs) = 16.5%. 

This number was used for the final normalization of 
the efficiency points. It agrees within the assumed 
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Fig. 4. Measu red  efficiency poin ts  for  biases at 0.4, 1.0, 2.0, 3.0, 
4.0 and  5.0 t imes Cs and  calculated fits (solid lines). The  dashed  

lines are handfi t ted.  

errors with a counter telescope comparison that gave 

eabs(12MeV, 1 x Cs) = (15.8 ___ 0 .8)%.  

The measured values for 11 biases are shown in figs. 4 
and 5, together with their statistical errors. In addition, 
there are error contributions from the following 
sources: 

1) uncertainty in the 1H(n,n)lH differential cross 
section, 

2) energy uncertainty and energy spread, 
3) errors in the correction for attenuation and 

multiple scattering, 
4) changes in the pulse-height bias, 
5) errors in the background subtraction, 
6) errors in NMo ., the normalization within each 

angular distribution, 
7) errors in joining individual sets. 

Most of these errors are reduced by measuring neutrons 
of the same energy under different conditions (different 
incoming energy and scattering angle). Besides, a 
smooth curve through the data points further reduces 
random errors. But, especially the joining error could 
result in a systematic error tilting the efficiency curve. 
This tilt would show up even in a calculated fit. For  
energies below 12 MeV the tilt is estimated to be less 
than ___ 1.5% per 10 MeV, for energies below 22 Me¥  
less than ___2.5% per 10 MeV. 

I [ l : 

% 

I I~/ r ~ I 0 
5 I0 15 2 25 

NEUTRON ENERGY ( MeV ) 

Fig. 5. Same as fig. 4, but  for biases at 0.5, 1.5, 2.5, 3.5, and 4.5 
times Cs. 

6. Calculations and discussion 

Before one derives an analytical expression to fit the 
data one must justify the assumption that the efficiency 
curve is smooth. This is not obvious, because the total 
carbon cross section, which has many narrow resonan- 
ces, is comparable to that of hydrogen and the numbers 
of these two kinds of nuclei in the scintillator are 
comparable as well. 

In thin scintillators where multiple scattering is 
negligible, the elastic interaction with carbon produces 
pulses well below the pulse-height biases used in this 
experiment. In thick detectors, multiple elastic scat- 
tering from carbon alone still does not produce pulses 
above the bias. 

Hydrogen-carbon events increase the efficiency only 
if the first event produces a pulse just below the bias 
and the pileup of the carbon event makes it bigger than 
the bias. This is generally a very small contribution, 
and any structure in it would not show up. 

In a carbon-hydrogen event the first collision 
degrades the neutron energy only slightly (maximum 
energy loss 28%) so that the situation is about the same 
as without a first collision except for the pileup with 
the small carbon pulse and a somewhat different 
neutron path through the detector. 

Nonelastic carbon interactions are of  little impor- 
tance as long as the secondary particles do not contri- 
bute to pulses above the bias. If  the neutron energy 
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is high enough, all carbon breakups will give pulses 
above the bias and the structure of  this cross section 
will show up in the shape of the efficiency curve. But 
with the biases in question this would only affect 
energies above about 12 MeV where the nonelastic 
cross section does not show a pronounced structure. 

In addition, the energy spread of the incoming 
neutrons and the kinematic spread of the scattered 
neutrons would tend to wash out narrow structures. 

As the shape due to nonelastic interactions reflects 
the cross section for these processes, there is practically 
no chance of fitting this part  of  the efficiency curve by a 
simple analytical expression. Therefore an attempt was 
made only to fit that part  of the efficiency curves where 
elastic scattering from hydrogen is dominant42). 

Of course, it is desirable to find an expression that 
uses only physically meaningful parameters. These 
parameters are: aN, nil, t, E, B and k, k being a scale- 
adjustment factor necessary because the measmed 
points have been normalized with a scale uncertainty 
of about _ 10% (see sec. 5). 

All these factors are straightforward. But with them 
alone no reasonable fits can be expected because of two 
effects which are illustrated in fig. 6. This figure shows 
the (simplified) pulse-height spectrum of recoil protons 
for monoenergetic neutrons of energy E without 
multiple scattering. Using a nonlinear scale for the 
pulse height (e.g., equivalent proton energy units) 
simplifies the picture. The first effect, for which one 
must correct, is the pulse-height resolution of the 
scintillation counter. This changes the rectangular 
distribution (dashed) to the smeared-out distribution 
(solid line). Assume, for instance, that the bias coin- 
cides exactly with E. Then no events would be counted 
having the ideal distribution, but there are counts in 
the real case above the bias. For the ideal distribution 
a bias at B* would give the same number of  counts as 
a bias at E in the real case. This equivalent bias B* 

09 
l-- 
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differs the more from the ideal bias, the higher it is 
with respect to E. Therefore no reasonable calculated 
fit can be expected through the low-energy points of 
the efficiency curve assuming an ideal (rectangular) 
pulse-height distribution and a constant bias, essential 
for a simple calculation. Excluding these lowest-energy 
points one can expect a good fit with a constant bias, 
B*, which is close to the ideal bias B (see table 3). 

The second effect we must consider is the efficiency 
increase from multiple scattering. I f  only double 
elastic scattering from hydrogen were important, a 
formula similar to eq. (4) would do the job. However, 
the average path and therefore the effective areal 
density of  hydrogen for the second scattering process 
would increase with smaller E/B ratios, thus increasing 
the multiple scattering contribution for smaller energies. 
This increase can be simulated by a virtual bias 
Bvirt = B - B '  below the actual bias B (see fig. 6). 
Further, one must shift E by the same amount, so 
that for E = B the efficiency becomes zero. 

These two conditions lead to the following expres- 
sion. 

( B * - B : ~  i_ 1 _ e _ t . . . , , , . , ~ ) ] .  ( 5 )  ~(E,n)=k 1 E - B ' /  

Best fits for all 11 curves were obtained with B * ~  B 
and B ' =  0.44 B*. It is pleasing that B' is a constant 
fraction of B*. The only unconstrained adjustment 
factor is k. This factor is listed in table 3 together with 
the B* values. Its energy dependence is shown in 
fig. 7. I f  eq. (5) described the processes correctly, k 
would be a constant close to 1.0, independent of 
energy. The strong increase in k for small biases 
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Fig. 6. Idealized pulse-height distribution of recoil protons for Fig. 7. Energy dependence of the adjustment factor, k, of the 
monoenergetic neutrons (see text), calculated fit. 
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i n d i c a t e s  t h a t  t he  a p p r o x i m a t i o n s  l e a d i n g  to  eq. (5) 

a r e  less m e a n i n g f u l  f o r  l ow  b iases .  T h i s  w as  to  b e  

e x p e c t e d  f r o m  t h e  neg lec t  o f  t h e  c a r b o n  c o n t r i b u t i o n s ,  

w h i c h  h a v e  g r e a t e r  effect  a t  l o w e r  b iases .  

P a r t  o f  t he  d a t a  w a s  t a k e n  f o r  t he  4 H e ( n , n ) 4 H e  

e x p e r i m e n t  1) w i t h  t h e  h e l p  o f  J. C. H o p k i n s ,  A.  Ni i l e r ,  

J. D .  S e a g r a v e  a n d  J. T.  M a r t i n .  R.  L u c k e  h e l p e d  w i t h  

t he  d a t a  r e d u c t i o n .  I a m  t h a n k f u l  to  t he se  p e o p l e  a n d  

to  t h e  s t a f f  o f  t he  V a n  de  G r a a f f  f o r  t h e i r  a s s i s t ance .  
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