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Measurements were made of the ratio, # C / | # H | , of the carbon to the hydrogen coherent scattering 
amplitudes, using liquid hydrocarbon mirrors with various ratios of hydrogen to carbon atoms. In two of 
these measurements the reflected neutron intensity from different liquids was compared for a fixed angle 
of reflection. In two other measurements the angles were determined for which the same reflected intensity 
was obtained. 

Our most accurate value for the ratio of the nuclear amplitudes, after various corrections, is (#c/1 #H I) 
(nuclear) = 1.775±0.004. Combining this value with the presently accepted value of the carbon nuclear 
scattering amplitude, a^ — (6.64±0.02) X 10~13 cm, we find the best value for the proton scattering ampli­
tude is an= (-3.74±0.02)X10-13 cm. 

I. INTRODUCTION 

TH E neutron-proton coherent scattering amplitude 
is an important parameter in the study of nuclear 

forces and has been measured by a number of different 
techniques in recent years. Teller1 was the first to point 
out that measurement of the neutron scattering by 
hydrogen should lead to information concerning spin-
dependent forces. The first experiments, which involved 
the comparison of the slow neutron cross sections of or-
tho- and para-hydrogen,2-6proved that the n-p force was 
spin dependent but did not yield a very precise value 
for the scattering amplitude because the parahydrogen 
cross section, from which the scattering amplitude is 
derived, is small compared to the orthohydrogen cross 
section. As a consequence the measurement is very sensi­
tive to the presence of small amounts of orthohydrogen 
impurity. The best value obtained in these experiments 
was6 au= ( -3 .95±0.12)X10- 1 3 cm. 

Later Shull et al. analyzed the Bragg scattering of 
neutrons by hydrogen in crystals7,8 and obtained the 
value a H = (—4.1±0.2)X10~13 cm. They were not able 
to improve on the precision of the earlier experiments, 
however, because of the background from thermal 
diffuse and spin incoherent scattering of hydrogen and 
the lack of a satisfactory theory of inelastic neutron 
scattering. Both results lead to values of the n-n force 
which were different from the value of the n-p force 
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obtained in the neutron-proton scattering experiments.9 

More recently, Burgy, Ringo, and Hughes10,11 studied 
the reflection of neutrons from hydrogen-containing 
liquids and determined the n-p scattering amplitude 
in terms of the accurately known carbon scattering 
amplitude. Their result was of greater precision 
[ > H = ( -3 .78±0.P2)X10- 1 3 cm] than the earlier meas­
urements and in better agreement with the concept of 
charge independence of nuclear forces. Stewart and 
Squires12 then repeated the ortho-, para-hydrogen ex­
periment, taking particular care with the determination 
of the ortho-para composition of their hydrogen gas, and 
their result [ > H = (-3 .80±0.05)X10- 1 3 cm] was in es­
sential agreement with the mirror reflection value. 

I t has been pointed out by Halpern,13 however, 
that absorption and incoherent scattering processes 
affect neutron reflection and that the large incoherent 
scattering cross section of hydrogen might have in­
fluenced the mirror reflection experiments to some 
extent. In view of the importance attached to the under­
standing of the n-p interaction, it was therefore decided 
to make a completely independent determination of the 
scattering amplitude using the mirror reflection method. 

II. THE MIRROR REFLECTION METHOD 

When a neutron of wave number k( = mv/h) is in­
cident on a reflecting surface at a grazing angle 0, the 
probability that the neutron will be reflected is13 

r(k,a,<l>,y) = 
0 - (tf-4*rNa/k2+iy/k)t 

(j>+ (<j>2-±TrNa/k2+iy/k)? 
(1) 

where N is the number of scattering centers per unit 
volume with bound-atom scattering amplitude a, and 
y — Na^a-\-Ni(Ti, where Na and Ni are the number 

9 J. M. Blatt, Phys. Rev. 74, 92 (1948); J. M. Blatt and J. D. 
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of scattering centers per unit volume with absorption 
and incoherent scattering cross sections aa and o\-, 
respectively. 

If absorption and incoherent scattering are neglected 
(7 = 0), then total reflection occurs if a is positive and 
the angle <j> is less than or equal to the critical angle 

0C= (4acNa)i/k. (2) 

For positive a the primary effect of absorption and 
incoherent scattering is to round off the reflection 
coefficient at the critical angle. When a is negative there 
is no total reflection and absorption and incoherent 
scattering have almost no effect on reflection. Curves 
a, b, and c of Fig. 1 show, for monochromatic neutrons, 
typical reflection coefficients for positive a, 7 = 0; 
positive a, finite 7; and negative a, respectively. Re­
gardless of the sign of a, however, Eq. (1) approaches 
the value 

r(k,a,4>)c*&(4«rNa/<pk*)*, (3) 

when 0»(47riVr|a|)V*. 
Neutron scattering amplitudes generally lie between 

2X10-13 and 10Xl0-13cm. Therefore, only for angles 
less than about one degree and wavelengths greater than 
about 4 A will there be any appreciable reflectivity. 
The very small angles involved imply zero-order Bragg 
reflection which is independent of molecular structure 
and molecular motion in the reflector. Hence there is no 
background from temperature diffuse scattering when 
neutrons are reflected by mirrors. Since the effect of 
absorption and incoherent scattering on the reflectivity 
is small, reflection methods are ideal for measuring the 
scattering amplitudes of highly absorbing materials 
where diffraction techniques are difficult to apply.14 

The most direct, although not the most accurate, 
reflection method for determining a positive scattering 
amplitude is to measure the critical angle. There is 
seldom enough intensity to use Bragg diffracted mono­
chromatic neutrons because of the long wavelength and 
precise collimation required,15 but it is still possible to 
observe the discontinuity in the slope at the critical 
angle using the spectrum transmitted through a poly-
crystalline filter.16 In this case the reflected intensity 
is given by 

I(4>)= / f(Ka^y)kn{k)dk, (4) 
Jo 

where kf is the cutoff wave number of the filter and kn(k) 
represents the incident flux distribution. Introducing a 
spectrum with a sharp cutoff merely has the effect, 
shown in curves d and e of Fig. 1, of reducing the rate 
of decrease in reflected intensity above the critical angle. 

14 Here a letter of M. Hamermesh [Phys. Rev. 77, 140 
(1950)] should be quoted, which discusses several applications 
of the measurement of coherent scattering to neutron phenomena. 

16 E. Fermi and L. Marshall, Phys. Rev. 71, 666 (1947). 
16 D. J. Hughes and M. T. Burgy, Phys. Rev. 81,498 (1951); C. 

J. Heindl, I. W. Ruderman, J. M. Ostrowski, J. R. Ligenza, and 
D. M. Gardner, Rev. Sci. Instr. 27, 620 (1956). 

FIG. 1. Typical neutron reflection coefficients vs grazing angle 
4> in units of the critical angle <f>c= (4arN'\a\ )*/k. For monochro­
matic (4A) neutrons: (a) positive scattering amplitude, no ab­
sorption or incoherent scattering, (b) positive scattering ampli­
tude including absorption and/or incoherent scattering, (c) 
negative scattering amplitude. For Be-filtered neutrons (cutoff 
wavelength = 4A): (d) same as (a), (e) same as (b). 

Reflection methods are capable of greater accuracy 
when used to compare one scattering amplitude with 
another. Suppose we have two reflectors with positive 
scattering amplitudes a,\ and a2, respectively, and that 
for each reflector <j> is larger than (4nNa)*/k for at 
least part of the incident spectrum. Neglecting the 
effects of incoherent scattering and absorption, if the 
incident angles are adjusted so that the same intensity 
is reflected from both reflectors, then their reflection 
coefficients [Eq. (1)] must be the same and 

ai/<n=WNd(4>M*. (5) 

This relation will also hold if both scattering ampli­
tudes are negative, in which case there is no restriction 
on the size of <t>. 

The particular advantage of this method, which we 
will call the constant-intensity method, is that it is 
essentially independent of the incident neutron spec­
trum. The only way the spectrum influences the results 
is through the small differences in the reflection coeffi­
cients due to differences in incoherent scattering and 
absorption. There is also a small correction necessary 
for the effect of the finite angular resolution of the 
collimating system. 

An alternative but less satisfactory approach, which 
we will call the constant-angle method, is to compare re­
flected intensities at the same angle. If </>̂ >(4x7̂ 1 a\ )*/& 
for all wavelengths in the incident spectrum, then from 
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Eq. (3) the reflected intensity is given closely by 

/ (0 ) = (TNa/ct>2)2 lk~zn{k)dk, (6) 

and the ratio of two scattering amplitudes will be 

a1/a2=(N2/N1)(I1/I2)K (7) 

Since (2i/i"2)* can apparently be measured to greater 
accuracy than (fa/fa)2, this method would seem prefer­
able. However, the requirement on angle eliminates all 
total reflection and the reflected intensity will be very 
small and difficult to distinguish from the background. 
In practice, reasonable reflected intensities can only be 
obtained at angles small enough so that Eq. (7) is no 
longer valid. If the spectrum is known, the ratio ai/a2 

can be determined by comparing intensities as calculated 
by integrating the reflection coefficients over the spec­
trum, but the possibility for systematic error is appre­
ciably larger. If the scattering amplitudes are negative, 
the reflected intensity is much less affected by the long 
wavelength distribution and the constant-angle method 
is less spectrum-sensitive. 

Mirror methods have certain unique advantages over 
other methods of measuring the n-p scattering ampli­
tude. The very large incoherent scattering cross section 
of hydrogen, as well as temperature diffuse scattering, 
both of which interfere with diffraction measurements, 
have very little effect on mirror reflection. Also there 
are no large competing effects from other interactions 
such as was the problem with the parahydrogen cross-
section measurements. 

Liquid hydrocarbon mirrors provide a convenient 
means of comparing the n-p scattering amplitude with 
the accurately known carbon scattering amplitude. 
Since carbon has a positive nuclear scattering amplitude 
(6.64±0.02)X10-13 cm,17 the scattering amplitude of a 
particular hydrocarbon can be either negative or 
positive depending on the ratio of hydrogen to carbon 
in the molecule. For a hydrocarbon, iV#==iVc#c+ArH#H. 
Thus, if we have two mirrors made of liquid hydro­
carbons with different hydrogen to carbon ratios, and if 
the incident angles are adjusted so that the liquids 
reflect with the same intensity, then 

ac iV H
( 1 ) -^ H

( 2 ) (0 i /02) 2 

= , (8) 
M iVc ( 1 )-^C ( 2 )(0l/02)2 

provided both liquids have scattering amplitudes of 
the same sign. 

17 Neutron Cross Sections, compiled by D. J. Hughes and R. 
Schwartz, Brookhaven National Laboratory Report BNL-325 
(Superintendent of Documents, U. S. Government Printing 
Office, Washington, D. C , 1958), 2nd ed.; P. Egelstaff, J. Nuclear 
Energy 5, 203 (1957); J. R. Beyster, J. L. Wood, W. M. Lopez, 
and R. B. Walton, Nuclear Sci. and Eng. 9, 168 (1961). 

III. EXPERIMENTAL APPARATUS18 

The measurements were made with the apparatus 
shown schematically in Fig. 2. The neutron beam was 
defined by a 90-in. long collimator located in the reactor 
shield. Mounted between the interior and exterior 
collimator sections was a beryllium filter to scatter out 
fast neutrons. This filter was provided with liquid-
nitrogen cooling and always kept cold while measure­
ments were being made in order to get maximum beam 
intensity. The liquid mirror tray was in an airtight 
container mounted on a milling-machine table. Six BF 3 

counters connected in parallel were used as the neutron 
detector. They were placed in a shielded box on a table 
which could be moved vertically. Thus both the mirror 
surface and the neutron detector could be precisely 
positioned with respect to the exterior collimator slit. 
A helium-filled plastic balloon was connected between 
the mirror tray and the detector to reduce air-scattering 
losses. For some of the measurements a slotted-cylinder 
neutron velocity selector was located between the 
mirror tray and the detector. 

Collimation of the primary neutron beam presented a 
particular problem because of the small angles required 
and also because of the high fast-neutron flux from the 
Livermore pool-type reactor. The interior collimator 
section served only to provide some collimation of the 
neutrons entering the beryllium filter. Any fast neutrons 
leaking past or through the beryllium filter were stopped 
by a 6-in. steel block on which the exterior slit system 
was mounted. This block rested on a machinist's planar 
gauge and could be moved vertically to change the 
beam angle. The position of the exterior slits was deter­
mined by a dial indicator which measured the distance 
between the block and the base plate on which the 
planar gauge was mounted. The interior and exterior 
slits were 0.012 in. wide and were 44.6 in. apart so that 
the angular divergence of the beam was slightly less 
than ± 1 min. With this apparatus the minimum beam 
angle was 6 min and the maximum angle 36 min. Where 
necessary, interior surfaces of the collimator were 
cadmium-plated and then scored to reduce neutron 
reflections. 

The stainless-steel box in which the mirror tray was 
located had 0.012-in. aluminum windows for the neutron 
beam at both ends and a micrometer depth gauge 
mounted on the top to determine the position of the 
liquid surface. Liquid temperatures were measured by 
means of a mercury thermometer submerged in the 
liquid and observed through a glass window on the top 
of the box. The mirror tray itself was 3 in. wide and 
40 in. long and made of stainless steel. I t was undercut 
at both ends to avoid concave menisci which might 
scatter neutrons from the beam at very small angles. 
Before measurements were made, the air was pumped 

18 A more detailed description of the apparatus is given in W. C. 
Dickinson, L. Passell, W. Bartolini, and O. Halpern, Lawrence 
Radiation Laboratory Report UCRL-6320, 1961 (unpublished). 
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FIG. 2. Schematic plan view of neutron optics facility and enlarged side view (not to scale) of collimator. 

out of the box and the liquid so that the only gas re­
maining was the vapor of the liquid. 

The shielded box in which the BF 3 counters were 
mounted was made of steel in the shape of a cube 3 ft 
along a side and was filled with a mixture of boric oxide 
and paraffin. Neutrons reflected from the liquid mirror 
surface entered the box through a cadmium-lined 
channel. A pair of adjustable cadmium slits were 
mounted inside the box at the end of the channel im­
mediately in front of the counters. The counters were 
filled to a pressure of 60 cm Hg with 96% enriched 
B10F3 and were approximately 92% efficient for 4-A 
neutrons. 

The intensity of the incident neutron beam was 
monitored by three BF 3 counters placed near the steel 
block on which the exterior collimator slits were 
mounted. 

A mechanical neutron velocity selector19 was used 
to measure the incident neutron spectrum and also to 
remove long-wavelength neutrons from the reflected 
beam during the first measurements. Basically it con­
sisted of a steel rotor 12.2 cm in radius and 10.7 cm 
long with 0.061-in. wide slots cut in the periphery 
parallel to the axis of rotation. The angle between the 
rotor axis and the neutron beam could be varied 
between zero and 6 deg. With the rotor axis parallel to 
the neutron beam the velocity selector acted as a high-
pass filter transmitting only those neutrons with wave­
lengths greater than the cutoff wavelength 

\c=hyp/mLo), 

where h is Planck's constant, yp the angular slot opening, 
m the mass of the neutron, L the rotor length, and co 
the rotor angular velocity. I t was used in this way 
during the first measurements. 

During the course of the first measurements it was 
discovered that the sensitivity of the BF3 beam monitor 
counters depended to some extent on their previous 
history of exposure to neutrons. In order to avoid long-
term inconsistencies in the data due to counter drifts, 

19 M. Ruderman and W. C. Dickinson, Lawrence Radiation 
Laboratory Report UCRL-6319, 1961 (unpublished). 

a second tray was installed alongside the first (as 
shown in Fig. 2) and filled with dimethylnapthalene 
(C12H12) which reflected the entire incident beam out 
to a grazing angle of 8.9 min. Thereafter, each reflected 
intensity was normalized to the intensity reflected from 
this standard liquid at an angle of 7.8 min. 

All the hydrocarbons used were chosen because they 
are liquids with low vapor pressures and are available 
in highly purified form. Liquids with high vapor pres­
sure were found to be unsatisfactory because the liquid 
level in the tray fell rapidly due to evaporation and 
also because the beam was scattered by the vapor above 
the liquid. We did not use any mixtures. While mixtures 
have the advantage of reducing the number of very 
pure liquids required they have several disadvantages. 
First, it is difficult to be certain of the exact proportions 
of the two liquids in the mixture, and second, there is 
some possibility that differences in the surface tensions 
of the two liquids might produce a difference in compo­
sition between the surface and the bulk liquid mixture. 

The liquids were kept in stainless steel containers 
and, to avoid cross-contamination when the liquids 
were changed, the tray and associated piping were 
drained, flushed with acetone and ether, and then 
pumped dry before refilling. 

IV. MEASUREMENTS 

A. Angle 

The angle <£ was measured by essentially the same 
method as used by Burgy, Ringo, and Hughes.11 First 
the mirror tray was lowered completely out of the 
incident beam and a profile of the thermal beam taken 
with narrow detector slits as is shown in the lower left-
hand side of Fig. 3. The full width of this profile at the 
base is 0.188 in. compared to 0.182 in. expected from 
the slit geometry. After obtaining the direct beam 
profile, the mirror was raised until it intercepted the 
reflected beam, the detector slits were centered on it and 
opened until they accepted the entire beam. As the 
mirror moves vertically, the neutron beam traverses its 
surface until it overshoots one end or the other. Thus, 
by measuring the reflected thermal neutron intensity 
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as the mirror and detector move up and down together, 
we obtained curves of the type shown in the upper part 
of Fig. 3. By setting the mirror halfway between the 
positions corresponding to half intensity, the beam 
axis was centered on the mirror tray. Then the position 
of the reflected beam was determined by taking its 
profile with narrow slits as shown in the lower right-
hand side of Fig. 3. Finally, the angle was calculated 
from the distance between the centers of the direct and 
reflected beams and the distance between the counter 
slits and the center of the mirror tray. 

Either dimethylnapthalene or carbon tetrachloride 
was used as the reflecting liquid for the angle meas­
urements because they both have large scattering 
amplitudes. Neutrons of 4-A wavelength are totally 
reflected by these two liquids out to 8.9 and 13.3 
min, respectively. Thus there was no possibility of 
distortion of the reflected beam which might affect the 
angle measurements. 

The accuracy with which the angles were determined 
was limited primarily by the accuracy with which we 
could measure the distance between the direct and re­
flected beams. We estimated this to be between 0.004 
and 0.005 in. Including the possibility of small errors 
in centering the beam on the mirror surface, we estimate 
that the uncertainty in the angle measurement was 
±0.05 min. This is also consistent with the standard 
deviation of the scatter in the angle measurements made 
at different times over a period of four weeks. 

B. Spectrum 

When the axis of the mechanical velocity selector is 
set at an angle with respect to the beam, it acts as a 

,6 D IMETHYLNAPTHALENE 

580 6 0 0 6 2 0 6 4 0 660 6 8 0 7 0 0 
MIRROR TABLE HEIGHT IN mils (ARBITRARY ZERO) 

(476.3-394.0) x 0.0(25 
. 2 x 225.84 

x 57.296 x 6 0 - (7.76 *0.05)min 

REFLECTED BEAM PROFILE 
(No C d - C d ) 

H H 
FAST NEUTRON BKGD. 

3 8 0 . 3 9 0 4 0 0 4 1 0 " 4 6 0 4 7 0 4 8 0 4 9 0 
DETECTOR HEIGHT IN UNITS OF 0.0l25in.(ARBITRARY ZERO) 

FIG. 3. Representative set of curves for the measurement of a 
reflection angle ^. Refer to text for explanation. 

neutron monochromator. For the spectrum measure­
ments we set the velocity selector at 0=4° which gave 
us a fractional wavelength resolution AX/Xo of 0.207. 
The primary wavelength transmitted Xo, is determined 
by the angular velocity of the rotor co, through the 
relation Xo=A0/wi?oco, where Ro is the mean slot radius. 
We measured the beryllium-filtered thermal neutron 
intensity in the beam at 13 values of rotor angular 
velocity corresponding to neutron wavelengths from 
6 to 17.6 A, and then fitted the measurements to a func­
tion of the form $(X) = constXX~"w(X) multiplied by an 
appropriate transmission function and integrated over 
the range of wavelengths transmitted by the velocity 
selector.19 The experimental data were fitted best when 
w=0.03X+5.7, and this value was also assumed to be 
valid from 6 A to the beryllium filter cutoff at 3.96 A. 

Our measurements showed the neutron flux decreased 
more rapidly at long wavelengths than a Maxwellian 
distribution for which the value of n would be 5. In 
fact, there are reasons for suspecting that the fall-off 
is even more rapid than our measurements indicated. 
First, there was the possibility that some long-wave­
length neutrons were reflected from the slot walls 
rather than scattered or captured.20 Second, we had 
no way of measuring the small background of neutrons 
with energies below the cadmium cutoff but above the 
beryllium filter cutoff. At the longest wavelengths the 
counting rates were so low that this background might 
have contributed an appreciable part of the observed 
counting rates. 

C. Reflected Intensity 

1. The Constant-Angle Measurements 

Our first measurements were made at a fixed angle of 
12.9 min with an angular spread of ± 2 . 3 min using a set 
of six liquid hydrocarbons: dimethylnapthalene (N-R/NC 
= 1.0), ^-butylbenzene (N-R/NC = 1 -4), 4-vinylcyclo-
hexene (iVH/iVc= 1.5), d-limonene {N-R/NC = 1.6), tetra-
decylbenzene (NH/NC= 1.7), and dodecene (Nn/Nc 
= 2.0). Since the constant-angle method is sensitive to 
the spectral distribution of the incident neutrons, 
particularly the long-wavelength neutrons, the velocity 
selector was placed with its axis parallel to the beam 
so that the long-wavelength neutrons were not trans­
mitted. Measurements were made with three different 
rotor velocities corresponding to long-wavelength cut­
offs at 9.4, 12.0, and 14.1 A. On the short-wavelength 
side the spectrum was cut off at 3.96 A so that the 
measurements were actually made with a relatively 
small part of the incident neutron spectrum. 

For each measurement the usual cadmium difference 
method was used to determine the fast neutron back­
ground. In addition we found a thermal neutron back­
ground which decreased rapidly as the angle increased, 
of the type described by Burgy, Ringo, and Hughes. 

20 L. Passell, W. C. Dickinson, and W. Bartolini, Rev. Sci. 
Instr. 32, 870 (1961). 
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The amount of this background in the reflected beam 
was determined by interpolating between the observed 
thermal neutron intensities on either side of the re­
flected beam. This procedure was also used for all sub­
sequent measurements. 

The thermal neutron background represented a sig­
nificant fraction of the observed intensity for the 
liquids with low reflectivities and was a major source 
of systematic error. After careful investigation we dis­
covered that the background came primarily from in­
ternal reflections within the collimator which was, at 
that time, a cadmium-plated slot 0.012 in. wide through 
the center of an 18-in. long steel block. The steel block 
was, therefore, removed and replaced by the collimation 
system described in Sec. I l l which reduced the thermal 
background to a small fraction of its previous value. 

After modifying the collimation system to that de­
scribed in Sec. I l l , the next measurement was a com­
parison of the neutron intensities reflected by water 
and dodecene (NB./NC=2.0) at 7.8 min. Since both 
liquids have negative scattering amplitudes, there was 
no total reflection, and the sensitivity of the measure­
ment to the spectrum was not as great.21 Therefore, in­
stead of using the neutron velocity selector to com­
pletely remove long-wavelength neutrons from the 
beam, we used a gold foil which selectively attenuated 
the long-wavelength neutrons. Hence we did two meas­
urements: one with the entire beryllium-filtered spec­
trum and one with the 0.015-in. gold foil in the filtered 
beam. For these measurements and all the measure­
ments that followed, reflected intensities were measured 
relative to the intensity reflected from dimethylnap-
thalene as described in Sec. III. 

2. The Constant-Intensity Measurements 

The first of these measurements (our most accurate 
measurement, for reasons which will be discussed in 
Sec. VA) was made with four liquid hydrocarbons 
having positive-scattering amplitudes: ^-butylbenzene 
(Nn/Nc= 1.4), phenyl-^-hexane (Nn/Nc= 1.5), J-limo-
nene (NB./NC=1>6), and tetradecylbenzene (N-B/NC 
= 1.7). Reflected intensities were measured over angular 
intervals chosen so that each liquid reflected with about 
the same intensity. By using the constant-intensity 
method of analysis we eliminated the difficulties with 
the spectral distribution and therefore could use the 
entire beryllium-filtered spectrum. Two consecutive 
runs were made to check on the reproducibility of the 
data. Altogether they required about 100 hr. The beam, 
which had an angular divergence of slightly less than 
± 1 min, was always kept centered on the mirror tray 
while data were taken by checking and adjusting the 
height of the liquid surface at approximately 20-min 
(time) intervals. The neutron detector slits were opened 

21 To ou r knowledge, mirror measurements involving negative 
scattering amplitudes have not been reported in the literature 
previously. 

to a width slightly greater than the width of the reflected 
beam and centered on it. Since many angles were used 
over an angular interval from 6 to 17 min, it was too 
time consuming to center the beam on the mirror and 
the detector on the beam each time by repeating the 
entire sequence of operations described above for the 
angle measurements. Instead we determined in a sepa­
rate measurement the correct positions of the liquid 
surface and the detector box as a function of the posi­
tion of the external collimator slit. Then, when the 
angle was changed, the vertical positions of the liquid 
surface and the detector were changed accordingly. 

The second constant-intensity measurement was 
made with water and dodecene (NB./NG — 2.0) over a 
range of angles from 6 to 11.5 min. Except for the 
fact that there was no total reflection, which reduced 
the reflected intensity considerably and required corre­
spondingly longer counting times, this measurement 
was done in the same way as the previous measurement. 

V. ANALYSIS OF DATA 

Only one of the constant-intensity measurements 
yielded the desired accuracy, hence the data analysis for 
this measurement will be discussed in some detail. 

A. Most Accurate Measurement 

This is the first constant-intensity measurement de­
scribed in Sec. IV C 2. Before Eq. (8) is applicable, 
several corrections must be made to the raw intensity 
data. Most of these corrections were small and tended 
to compensate one another to some extent so that the 
final corrected intensities almost always were within the 
statistical limits of uncertainty of the original observed 
intensities. These corrections, in approximate order of 
importance, are listed below. 

(1) The reduction in reflected intensity due to inco­
herent scattering was calculated from Eq. (4) by use 
of an IBM 650. The results, seen in Fig. 4, show as 
would be expected that incoherent scattering has a 

cj> ( m i n u t e s ) 

FIG. 4. Computed correction to measured intensity for in­
coherent scattering. (Most accurate measurement.) 
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TABLE I. Measured physical properties (at 25 °C) of hydrocarbons used in most accurate measurement. 

Hydrocarbon 

n-butylbenzene (C10H14) 
phenyl-n-hexane (C12H18) 
d-limonene (CioHi6) 
tetradecylbenzene (C20H34) 

NH/NC 

1.4000±0.0005 
1.497 ±0.001 
1.600 ±0.001 
1.702 ±0.006 

Nc 
(10+22 atoms/cc) 

3.843±0.002 
3.735±0.002 
3.710±0.002 
3.734±0.002 

Density 
(g/cc) 

0.85635 
0.85586 
0.8388 
0.85084 

Thermal 
exp coefr 
(io-4/°c) 

5.2 
9.0 
7.4 
7.9 

Vapor 
pressure 
(mm Hg) 

1.2 
0.10 
2.1 
0.5 

greater effect on the reflectivity as the hydrogen 
concentration increases and as the angle decreases. 
All measured intensities were increased to the values 
that would be expected in the absence of incoherent 
scattering. 

(2) The fractional correction to the observed in­
tensity due to the finite angular resolution of the 
collimating system is given by 

„4>0+A<f> . 

8(0o)=./ / ( ^ ) r ( ^ ) # - / ( 0 o ) A ^ / 
J 4>o-A0 ' 

/ I(4,)T{4>)d*, (9) 
<f>0—Acf> 

where the transmission T(4>) for the collimating system 
is 

r ( 0 ) = ( l / A * ) [ * - ( 0 o - A * ) ] for foo-A0)<0<0o 

= ( l / 2 t y ) [ ( 0 o + ^ ) - 0 ] for 0o<*<(*o+.A*) . 

If we assume that / (# ) = constX(j>~~x, then it can be 
shown to first order that 

5(0o)~[^(x+l)/12](A0/</>o)2 (10) 

and since A<£ is fixed by the dimensions of the collimator, 
5(0O) will decrease as the angle <£0 increases. In the 
region where the data were taken, the intensity varied 

x 10 

10 12 14 
<£ (m inu tes ) 

16 

FIG. 5. Computed correction to measured intensity for 
finite-angular resolution. (Most accurate measurement.) 

nearly as the inverse fifth power of the angle and d (0O) 
could be computed with sufficient accuracy by assuming 
x=5. As a cross-check, 5(#o) was also determined by 
using for 7(<£o) the values computed from Eq. (4). The 
results are shown in Fig. 5 together with the plot of 
Eq. (10) for x = 5 . I t is an interesting coincidence that 
the angular resolution of our collimator was such that 
this correction almost exactly canceled the incoherent 
scattering correction. 

(3) The thermal background decreased as the angle 
increased, i.e., as the reflected beam moved away from 
the mirror tray. I t never exceeded 5 % of the reflected 
intensity and was usually much smaller. Because of the 
low intensity of this background it was impossible to 
determine how it varied through the region of the 
reflected beam, although it was slightly larger on the 
small-angle side. The observed intensity was corrected 
for this background by simply subtracting the average 
of the measured thermal counts on either side of the 
reflected beam. 

(4) The liquid temperatures varied over a range of 
about 2°C during the data runs. If a is the volume ex­
pansion coefficient, then the fractional change in in­
tensity for a change AT in temperature is given by 
AI/I=—2aAT. Expansion coefficients for the hydro­
carbons used were all between 5 and 9X10 - 4 per °C 
(see Table I) , hence the corrections were of the order 
of a few tenths of 1%. 

(5) Air and vapor above the liquid reduce the re­
flected intensity by absorbing and scattering the beam. 
Although the air in the mirror box was pumped off 
initially, there were still hydrocarbon vapor and small 
amounts of air which leaked back into the box because 
it was not completely tight. All the hydrocarbons used 
had vapor pressures smaller than 2.5 mm Hg (Table I) 
at room temperature so the losses in intensity due to 
scattering in the 100-cm length of the mirror were of 
the order of 1% or less. The scattering of the air which 
leaked into the box was generally slightly larger 
than this. 

(6) There was a correction for a 2 % decrease in the 
intensity of the incident beam as the angle was increased 
from 8 to 18 min. This was inherent in the apparatus. 
Since the reflected intensity from the standard liquid 
was always measured at the same angle, all other re­
flected intensities were normalized to the incident in­
tensity at this angle. 

Figure 6 is a graph of corrected measured intensity 
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versus angle for each of the four liquids. The circles 
represent the data points obtained in the first run; the 
squares are those obtained in the second run. 

I t should be noted that ac/\an\ is rather insensitive 
to nonindependent changes in intensity. Assume that 
the reflected intensity from each of two hydrocarbons 

is changed in the same way but not to the same extent 
by some common cause. Since I varies approximately 
as (jr5, the fractional error in <j> due to the error in / 
would be \M/I. From an analysis based on Eq. (8), 
assuming each liquid has about the same iVc, we obtain 
as the resultant fractional error in ac/ \ an | : 

A(flo/ |f lH|)_ 2[(7VH
( 1 ) /Wc ( 1 ))- (^H

( 2 )/iVc ( 2 ))](0i/02)2 

tfc/M ~ 5 [ ( ^ H ( 1 V ^ C ( 1 ) ) - ( ^ H ( 2 V ^ C ( 2 O ( 0 l / 0 2 ) 2 ] [ l - ( ^ l / ^ 2 ) 2 
(11) 

Clearly, if the intensities for two liquids are in error 
by the same percentage it will have no effect on the 
value of ac/ | an | . As a typical example, for the 1.5 and 
1.6 liquids at angles 12.0 and 9.55 min, respectively, 
Eq. (11) yields 

A ( t f c / M ) /A l i A/ 

ac/\aji\ 

/Ai i A i 2 \ 
o.i ), 

V h lit 

and for an accuracy of 0 .3% in ac/ \ an | we require only 
that ( A / i / / i ) - ( A / 2 / / 2 ) be less than 3 % . Since the 
reflected intensities from all the liquids are affected in 
the same way, although not necessarily to the same 
extent, by most important sources of error discussed 
above, it is apparent that their effect on ac/ \ an | will 
be small. This is a particular advantage of the com­
parison method. 

Uncertainties in chemical composition of the hydro­
carbons have a more direct effect on # C / | # H | since we 
can expect no correlation in the errors. Assuming again 
that all the i W s are about the same and that the un­
certainties in the composition of the hydrocarbons are 
all roughly comparable, we obtain 

A(OC/I<*H|) 

ac/|#H| 
(^24+014)H^H/iVc) A(Nn/Nc) 

02 2(^H ( 1 ) /^C ( 1 ))-01 2(^H ( 2 ) /^C ( 2 )) Nn/Nc 

Again using the 1.5 and 1.6 liquids as an example, we 
have 

A ( a c / M ) A(NWNc) 
- 3 -

dQ / | 0 H | NK/NC 

and it follows that 0 .3% accuracy in ac/\an\ will 
require 0 . 1 % accuracy in Nn/Nc-

After obtaining the purest liquids available, precise 
chromatographic analyses were made, both before and 
after the measurement, to determine what impurities 
were present and in what concentrations. The resulting 
values of Nn/Nc and the measured densities are listed 
in Table I. 

Since the angles corresponding to a given reflected 
intensity must be found in order to determine ac/ \ an |, 
it was necessary to interpolate between the corrected 
measured intensities. The reflected intensity data for 

each hydrocarbon was therefore least-squares fitted to 
a curve computed using Eq. (4). I t was necessary to 
adjust the measured neutron spectrum empirically in 
order to obtain a satisfactory fit. Reasons were given 
above why the measured spectrum might be in error 
at the long wavelengths, but in any event the calculated 
curves, shown in Fig. 6, are more accurate smoothing 
functions than completely empirical smooth curves 
drawn through the experimental points. Since the calcu­
lated curves serve only to improve the interpolation of 
intensities, the error introduced in the final result by an 
error in the spectrum should be small. 

We chose seven intensities, shown by horizontal 
dotted lines in Fig. 6, as close to the measured intensities 
as possible and found the corresponding angles from 
the fitted curves. Values of ac/ l^i i l were calculated 
from Eq. (8) for each pair of hydrocarbons at each of 
the seven intensities. The weighted averages are given in 
Table I I . The weighted average of these six values is 
1.772±0.002 where the quoted uncertainty is the 

Angle in minutes 

FIG. 6. Corrected experimental intensity data and machine-
calculated curves for most accurate measurement. The dashed 
lines correspond to the intensities chosen for data analysis. The 
circles represent data points obtained in the first run; the squares 
are those obtained in the second run three days later. The ordinate 
corresponds to the number of detector counts for a fixed number 
of counts from the standard reflecting liquid. 
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TABLE II. Weighted average values of ac/ I #H | 
obtained in most accurate measurement. 

Nk/Nc of liquid 
hydrocarbon pairs ac/1 an \ 

1.4 and 1.5 
1.4 and 1.6 
1.4 and 1.7 
1.5 and 1.6 
1.5 and 1.7 
1.6 and 1.7 

1.779±0.005 
1.772±0.002 
1.772db0.006 
1.769±0.008 
1.771±0.006 
1.772±0.008 

standard deviation due to the combined effects of the 
uncertainties in the measured angles, the measured 
hydrogen-to-carbon ratios and the measured densities. 

To check for the possibility of some long-term effect 
on accuracy, the first and second data runs were also 
analyzed separately. The weighted averages were found 
to be 1.768 and 1.778, respectively. The weighted 
average of these two values was determined to be 1.772 
as expected. 

The systematic error associated with the fitting of the 
data was estimated by taking the smoothing functions 
calculated with the measured spectrum and adjusting 
them empirically to give the best fit. A re-analysis of the 
data then gave ad \ #H | = 1.771. We hence estimate the 
systematic error due to this cause to be no greater 
than ±0.002. 

A small contribution from the neutron-electron co­
herent scattering amplitude must be taken into account 
in order to obtain the ratio of the nuclear scattering 
amplitudes which may be written as 

ac ac 
(nuclear) = -

| O H | | ^ H | 

Since the neutron-electron amplitude ae is — 1.4X10-16 

cm,22 the final ratio of the nuclear amplitudes is found 
to be23 from this measurement 

ac/\aK\ (nuclear) = 1.775±0.004. 

B. Other Measurements 

The second constant-intensity measurement was a 
comparison of the reflected intensity from dodecene 
(Nn/Nc — 2.0) and water. Incoherent scattering did not 
influence the reflectivity appreciably, because the scat­
tering amplitudes of both liquids are negative. The 
effect of finite-angular resolution was also small because 
the intensity did not change as rapidly with angle. 
Corrections for the other effects were of about the same 
magnitude as before. Figure 7 shows the corrected data 

22 D. J. Hughes, J. A. Harvey, M. D. Goldberg, and M. J. 
Stafne, Phys. Rev. 90, 497 (1953). 

23 There is 0.0156% deuterium present in normal hydrogen. 
The neutron-proton scattering amplitude is 0.028% larger in 
magnitude than the neutron-(pro ton+0.016% deuteron) ampli­
tude. This is not quite large enough to affect the last significant 
figure in our measured value of ac/1 #H I • 

points and the fitted curves computed from Eq. (4). 
Three intensities were chosen as close to the measured 
intensities as possible and the corresponding angles 
found from the fitted curves. For this measurement, 
Eq. (8) is replaced by 

ac __ ^ H ( 1 ) - I Y H ( 2 ) ( 0 I / 0 2 ) 2 

| a H | Nc{l)-No{2)(ao/ac){<t>i/<i>2)2' 

Assuming a 0 / a c = 0.878 ±0.004 we obtain, from this 
measurement, ac/ \ an | = 1.781±0.010. 

The two constant-angle measurements are described 
in Sec. IV C 1. The first measurement was made at a 
fixed angle of 12.9 min with a set of six hydrocarbons 
with hydrogen-to-carbon ratios of 1.0, 1.4, 1.5, 1.6, 1.7, 
and 2.0. In addition to subtracting off fast and thermal 
background, corrections were made for neutron monitor 
and detector drift, variations in the temperature of 
liquids, and scattering of the neutron beam by the vapor 
above the liquid. Of these corrections the thermal back­
ground and monitor drift were the most important. 

The data analysis consisted of numerically integrating 
Eq. (4) with an IBM 650 computer, assuming various 
values of ac/ \ an | and determining the value that gave 
the best least-squares fit to the experimental points. 
The spectral distribution used in the integration was 
obtained by calculating the transmission (as a function 
of neutron wavelength) of the neutron velocity selector 
with its axis of rotation parallel to the neutron beam 
and rotating at 8, 9J, and 11 rps and then weighting the 
measured incident spectrum accordingly. Figure 8 shows 
the data plotted as I^/NQ versus the hydrogen-to-
carbon ratio of the liquids. The data obtained at the 
three angular velocities were best fitted by values of 

60xlOH 

50x10" 

40x10 

30x10 

20x10 

10x10 

NH /N0=2.0 

8 9 10 
Angle (minutes) 

12 

FIG. 7. Corrected experimental data and machine-calculated 
curves for the second constant intensity measurement. The 
ordinate corresponds to the number of detector counts for a fixed 
number of counts from the standard reflecting liquid. 
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1.3 1.4 1.5 1.6 1.7 

Hydrogen-to-carbon ratio 

FIG. 8. Corrected experimental data and machine-calculated 
curves for the first constant-angle measurement. Ordinate in 
arbitrary units. 

a c / | # H | =1.754, 1.750,' and 1.765, respectively. The 
curves fitted to the experimental data of Fig. 8 were 
calculated using these values. Note that they are not 
straight lines as would be expected if the conditions of 
Eq. (7) were satisfied. 

Making reasonable assumptions as to the limits of 
error introduced by the uncertainty in the thermal 
background and the spectrum, we obtain from this 
measurement ad1 #H | = 1.756±0.015. 

The second constant-angle measurement was a com­
parison of the intensities reflected by water and do-
decene at a fixed angle of 7.8 min. Since both liquids 
have negative-scattering amplitudes, the reflected inten­
sity would be expected to be less sensitive to the incident 
spectrum. We tested this experimentally by making 
measurements with the beryllium-filtered spectrum 
both with and without a 0.015-in. thick gold foil in the 
incident beam. This foil attenuates 12-A neutrons 
about three times more than it attenuates 4-A neutrons. 

Again it was only possible to analyze the results by 
integrating Eq. (4) numerically. Using 0.878 for the 
oxygen-to-carbon scattering amplitude, we found that 
the calculated intensity ratios agreed with the observed 
ratios when we assumed 0 C / | 0 H | = 1.768±0.018 for 
both the no-gold-foil and the 0.015-in. gold-foil data. 

In each of the three measurements discussed in this 
section, sources of systematic error were of considerably 
greater importance than the usual statistical error con­
tributions. Hence the uncertainties quoted in the 
# C / | # H | values for these three measurements are 
attempted estimates of limits of error. The weighted 
average of these three measurements is ao/ \ an \ = 1.773 
±0.008, and after correcting for the contribution from 
neutron-electron scattering we obtain 1.776±0.008 
(limit of error), in excellent agreement with the value 
quoted above from our most accurate measurement. 

We wish to emphasize that the constant angle meas­

urements are of only qualitative significance. They are 
described here for completeness and to indiate the dif­
ficulty of eliminating sources of systematic error in such 
measurements. 

VI. CONCLUSIONS 

The presently accepted value for the bound-atom 
coherent scattering cross section of carbon is 5.50±0.04b17 

based on the work of Koehler and Wollan. There is also 
an unpublished result of 5.53±0.03 b obtained by 
Sailor.17 We will take as the present best value 5.52 
±0.03 b. The bound-atom coherent scattering ampli­
tude ac= (<rc/47r)* is therefore (6.63±0.02)X10~13 cm. 
On correcting for the neutron-electron scattering am­
plitude, the nuclear coherent scattering amplitude of 
carbon is (6.64±0.02)X10~13 cm. Combining this value 
with the result of the present measurement, ac/\a-H.\ 
= 1.775±0.004, gives for the bound nuclear scattering 
amplitude of hydrogen a H = ( -3 .74±0.02)X10- 1 3 cm. 
(The bound-atom value for hydrogen is the same 
because the correction for the neutron-electron ampli­
tude is much smaller than the present uncertainty.) 

If we combine this value of the hydrogen scattering 
amplitude with the measurement of the neutron-proton 
scattering cross section,24 we have two equations re­
lating the free-atom triplet and singlet-scattering 
amplitudes: 

|(47ra,2)+i(47ras
2) = o-H= (20.36±0.10)X10"24 cm2, 

%at+la8 = an(iree atom) 
= 4 ( - 3 . 7 4 ± 0 . 0 2 ) X 1 0 - 1 3 cm. 

Solving these equations we find 

^ = (5.40±0.02)X10-13 cm, 

as= ( -23.67±0.06)X10- 1 3 cm. 

In the effective range theory the radius of the 
deuteron R is related to the effective range of the triplet 
interaction rt at zero energy by the equation25 

l/R=l(l/at)+(ft/2B*)l, 

where the size of the deuteron is defined in terms of the 
reduced mass//, and the binding energy EB, by the rela­
tion R= (h2/2fjLEB)^ Using as the presently accepted 
best value of the deuteron binding energy 2.225±0.003 
Mev26 and the value for the triplet scattering amplitude 
given above, we find 

n=(1 .74±0.03)X10- 1 3 cm. 

This result is in excellent agreement with the value 
rt= (1.74±0.03)X10~13 cm derived from the measured 
cross section for photodisintegration of the deuteron.27 

24 E. Melkonian, Phys. Rev. 76, 1744 (1949). 
25 J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics 

(John Wiley & Sons, Inc., New York, 1952). 
26 E. L. Chupp, R. W. Jewell, and W. John, Phys. Rev. 121, 

234 (1961). 
27 R. E. Wilson (private communication). 
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At present, the accuracy with which the singlet and 
triplet-scattering amplitudes are known is more limited 
by the accuracy of the zero-energy (n,p) cross section 
than by the accuracy of the (n,p) scattering amplitude. 
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INTRODUCTION 

THE species Dy166 and Er172 are of special interest 
because they are among the few examples of the 

decay of an even-even nuclide to the excited levels of 
an odd-odd nuclide in the region of high-nuclear de­
formation. Ketelle1 and Butement,2 first reported a new 
81-hr activity from the high-flux neutron irradiation of 
dysprosium. Nethaway et al.d similarly reported a new 
49-hr activity from erbium irradiations. These activities 
were demonstrated to be Dy166 and Er172 by genetic 
relationships. More recently the results of experiments 
carried out concurrently with these have been reported 
for both of these isotopes.4-7 

Source Production and Purification 

Erbium oxide enriched to 87.3% in Er170 was used to 
produce Er172 activity by double neutron capture. The 
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interfering activities also produced were Er169, Er171, 
Tm172 and small amounts of activated contaminants. 
Tm172 and the contaminants were removed using ion-
exchange column separation techniques. The 7.5-hr 
Er171 activity, was allowed to decay away before subse­
quent investigations were begun. Er169 is essentially a 
pure beta emitter except for an 8-kev converted transi­
tion, bremsstrahlung and possibly a small percentage of 
other low-energy radiations. To produce Dy166 activity, 
natural abundance dysprosium was irradiated. The 
only major contaminant, Ho166, was removed by ion 
exchange. 

The neutron irradiations were carried out in the 5-
megawatt reactor of Industrial Reactor Laboratories, 
Inc., Plainsboro, New Jersey. An "in-core" irradiation 
facility which has a thermal neutron flux >1X10 1 %/ 
cm - 2 sec was frequently used. The length of the irradia­
tions was about 90 hr. 

Experimental Equipment 

A 3X3-in. well-type, and a 3X3-in. solid Nal(Tl) 
crystal, housed in a specially lined lead cave similar to 
that described by Heath,8 were used to study the 
gamma emissions of the isotopes. The 3X3-in. well-type 
crystal was calibrated for photopeak counting efficiency9 

8 R. L. Heath, Atomic Energy Commission Report IDO-16408, 
1957 (unpublished). 

9 Ray Gunnink and A. W. Stoner, Anal. Chem. 33, 1311 (1961). 
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Er172 and Dy166, with half-lives of 48.7db0.5 hr and 81.8=1=0.2 hr, respectively, were produced by double 
neutron capture from Er170 and Dy164. Gamma rays of the following energies were found in the decay of Er172: 
two coincident 50-kev radiations, 72, 128, 170, 200, 410, 440, and 610 kev. The proposed energy levels for 
Tm172 consistent with the data are as follows: 410, 440, 482, 538, and 610 kev. Log ft values of beta transitions 
indicate that the 538- and 610-kev levels have spin assignments of 0 or 1 with positive parity. The following 
gamma transitions were found in the decay of Dy166: 84, 291, 343, 373, and 427 kev. In addition to showing 
conversion electrons of the 84-kev transition, permanent-magnet spectrometer studies revealed the presence 
of two additional transitions of 30 and 54 kev which were not observed in scintillation studies. The multi-
polarity of the low-energy transitions are as follows: 30 kev-Ml, 54 kev-E2, and 84 kev-Afl. The proposed 
energy levels for Ho166 are at 54, 84, 375, and 427 kev. 


