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Abstract

The neutron -~ proton total cross section has been measured with
between the energies of 25 and 45 MeV. Results are compared to

precision measurements between 20 and 50 MeV.
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1.1 INTRODUCTION

There have been two main reasons for the recent interest in the

neutron-proton total cross section. A paper was published by G. Hreuss

fand T. Czibok in 1969 (1) that predicted the cross section would vary
~with energy in an oscillatory manner. In already-existing data, they
showed evidence for a conceivable oscillation of about 50 to 70 millibamn

which is about 5% of the total cross section. If these oscillations

had existed, they would have thrown doubt on the shape independent

effective range theory (2). As a result of this paper, various
laboratories proceeded to measure the cross section to high accuracy
and the laboratory -at Karlsruhe shortly aftefwa;ds published a set of
'measuréments in the range of 0.7 to 32 MeV, with accuracy of better
4 than two percent (3). Their calculations and.data showed that the

probability of the existance of such oscillations was very low.

The second source of interest was‘a_phase shift analysis by

M.H, MacGregor et al (#) in 1969. Total cross sections calculated

from the phase shifts can be compared to measured values. At the

time these phase shifts were published, the best data available were
from Harwell (5). However, the uncertainty in the measurements was

quite large (about #5%) and it would be interesting to see how well

some high precision data would fit the calculated cross sections.
According to results published by Brady et al. at U.C. Davis (6)
the calculated cross section is somewhat lower than the measured

value. If there is in fact a fairly large discrepancy, the MacGrégor




(2)

phase shifts should be checked with the more accurate cross section
data in mind. This was another reason for making the cross section

"measurements,

At the time of this experiment, the need was felt to remeasure

‘the total cross section at accuracies of 1% or better, The energy range'ff

available at the University of Manitoba was especiafiy-useful as it

overlapped the Canberra (7) and Karlsruhe results at the lower end

and extended well up into the range measured at U.C. Davis. Since these '

were the only results available with quoted high accuracy, it was
considered useful to reproduce the measurements and fill in'gaps'
between. Then a comparison could be drawn between ouf data and the

other existing data.




9.1 DESCRIPTION OF THE EXPERIMENT

The experiment was performed by making a tfansmission measurement of.
neutrons throﬁgh a hydrocarbon absorber. This was compared with the transmission
through a carbon absorber with a density of carbon atoms per square centimeter
within 2% of that of the hydrocarbon. _ .

The neutrons were produced by the reaction 7Li(p,n)7Be. This is a
strongly forward peaked reaction and about 607 of th; neutrons fall in a peak about
1.8 MeV wide, giving a nearly monokinetic neutron beam. The neutron energy was
determined by time of flight, the time of neutron arrival at the detector being
compared wiﬁh that of a "prompt” gamma ray created at the target within Fhe
same 1.5 nsec. beam pulse. ' ’

The hydroc%rbon absorber used in this experiment was toluéne.w Since a
ligquid helium.cooled cell was available, calculations were made for use of
liquid methane, hydrogen sulphide, phosphorous trihydride, énd several other
substances with large amounts of hydrogen. Also, pure liquid hydrogen was
considered. However, the need to rapidly cycle absorbers (see page 19 for details)
made the use of cooled absorbers difficult. Solid hydrocarbqns such as paraffin
wax and polyethylene were considered. Although pure paraffin was available, it -
is hard to foxrm into a homogeneous absorber. ‘Unfortunately, pure polyethylene
(Cthlwas hard to locate. Hence liquid toluene was used since it is a pure liquid
hydrocarbon and was readily available in a spectroscopically pure sample. It was

contained in a stainless steel cylinder and plates from the same stock were moﬁnted

over the carbon absorber to compensate for the ends of the cylinder.

The details of the experiment follow.
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Figure (1)

SCHEMATIC OF PHYSICAL LAYOUT

T

This diagram shows the relative positions of the various parts of the

system as described in 2.2. In fact, the monitor was located at right angles

to the plane of the paper directly above the collimator, at about the angle shown.,
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Figure (2)
DRAWING OF THE NEUTRON COLLIMATOR :

This is a scale drawing of the collimator inserted in the vault wall,
(Scale 1:8). The total length of the collimator is 3.0 metreé: Between the
end of the steel collimator and the exit at the right there are seven equally

These are about 10 cm. thick. Complete dimensions are

spaced steel slugs.

given in section 2.2.
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2.2 EXPERIMENTAL LAYOUT

Protons produced from the sector-focused cyclotroh were focused undeflected
through the bending magnet onto the neutron-producing target (figure 1). A carbon
collimator with a 1.3 cm. diameter aperture ensured that the ﬁroton beam would not
be trimmed by the pole tips of the deflecting magnet downstream. Protons passing
tﬁe collimator struck a two millimeter. thick natural lithium target where the
neutrons weré produced. The protons were then deflected into a Faraday cup buried
in the wali of the cyclot;on vault. .

The neutrons at zero degrees passed through the vacuum chamber of the magnet
and flew in air to the detector in the experimental area. At the exit from the
rsweep magnet, the neutrons passed through a 1.3 cm. aluminiuwn plate. This was used
to cut down fhe very low energy radiation that came down the beam pipe from the
cyclotron itself, and was also used to protect the photomultiplier against accidental
proton bombardment. Between the magnet and the detector, the ﬁeutrons pasSed.first
through the absorbers and then through a neutron collimator placed in the vault wall.
This is shown in figure 2. The collimator had a 46 cm. steel cylinder with a 1.9 cm.
‘diameter aﬁerture followed by seven steel slugs 10 cm. thick with 2.5 cm. diameter
apertures. .These were distributed uniformly over thé remaining 2,4 meters. The
stéel was mounted in an aluminium beam pipe which passed through the vault wall
and was surrounded by lead shot out to the 25 cm. diameter of the hole. Total
calculated attenuation of the collimator through the steel was betfer than 10% for
40 MeV neutrons. This attenuation was cheéked with neutron beam profile measurements
taken at the exit of the collimator (figure 3). Thé contribution to the main neutron
flux at the detector'from neufrons passing through the steel of the cqllimator was
less than 0.19 for Sonditions in this experiment. |

The detector which was situated five meters from the lith-ium target consisted |

of a NE218 liquid scintillator optically coupled to an RCA 8575 photomultiplier.




(9)

Figure (3)

PLOT O BEAM PROFILE

This profile is shown on a semi~log scale. On the x—axis is detector

position measured from beam centre and on the y-axis is log of neutron flux.
Measurements were taken with a 6.5 mm. wide by 7.5 cm. high by 7.5 cm. deep NE102
plastic scintillator placed narrow edge into the beam. This coupled to an

RCA 4518 photomultiplier was moved across the exit of the collimator at a distance

of 500 cm, from the neutron-producing target. The width of the scintillator has

not been unfolded from this spectrum.
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The active size of the scintillator was 5 cm. in diameter by 5 .cm. thick, and the
scintillator material was contained in an aluminium can about 25mm. thick. The
base of thé photomultiplier contained a unit& gain dynode amplifier to provide a
low impedance output of the signal from dynode nine of the tube. The RCA 8575 is
a high gain twelve dynode tube designed for fast timing and its anode pulse rise
time is 2.1 nsec. at 3 K.V. on the anode. Since a linear signal was required from
dynode nine, the tube was biased at 2250 V. on the anode. This prevented
saturation at dynode nine, but still allowed a fast saturating timing pulée to be
formed at the anéde for all but the lowest energy gamma rays. )

In the wall of the vault at aboﬁﬁ 30 degrees above the neutron collimator waé
situated a second detector called the monitor. This wés the same as the first
detector but was shielded from vault radiationvand opened only in the direction of
the lithium target. It was used to monitor the neutron flux for normalization
purposes, and only the dynode signal from thié tube was used.

As mentioned earlier, a time of flight system was used'in this experiment
) (figure 4). The time to amplitude converter (TAC) used for the timing in this
experiment received start pulses from the anode of the detector. The anode pulses
ﬁere clipped with 28 cm. of 50 ohm cable shorted at the end. These triggered a
Zexo crossiné discriminator that provided‘start pulses. Stop pulses came from the
cyclotron r.f.. This means that time intervals were measured starting from a
detector pulse and ending with a pulse derived from the cyclotron f.f. Sincé the
events of interest were synchronized to the r.f. through the beam pulses arriving
at the lithium target, peaks were formed at particular places in the time spectrum

corresponding either to neutrons arriving at the detector in a nearly monochromatic

neutron beam or prompt gamma bursts from the lithium. This system would produce a




single neutron and gamma peak. Foxr the purpose of fime calibration and energy

determination, it was convenicnt to have a double spectrum in time with a second
i

neutron and gamma peak. This was accomplished by stopping the TAC eveiy other r.f.

period, A tYpical spectrum is shown in figure 5. A more detailed expianation of

, o i
the interpretation of the spectrum for energy determination is given in section
3.5 (page 28).

The spectrum produced in the above manner has a background of random gammas-

and low energy neutrons. If ratios of peak areas are to give correct cross sections

the background must be removed. This is done electronically by setting an amplitude
threshold on the dynéde signal. This was effective since the gamma rays and low’
enérgy neutrons produce pulses of lower amplitude than the high enexgy neutrons in
the peaks. This amplitude discriminator gated the time of flight system.v

The gatéd TAC output was analysed into 1024 channels by a Northern Scientific
ADC which was connected to the PDP-9 computer. This stored the data on DEC~TAPE
for future energy analysis. To integrate the neutron peaks for cross section
determination, a single chiannel analyser was used to put a window around each
neutron peak in the time spectrum. The output pulses from fhe two single chaﬁnel

-analysers were combined by a logic “or” gate whose output was counted by a scaler.

As well as this basic arrangement, there were some additional circuits
required to obtain accurate cross sections. These are described as follows:

1) For the‘purpose'of normalizing the number of neutrons in the peaks, some

monitoring of the beam current was required. This was obtained in two Ways.



2)

3)

4)
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The monitor detector already described as being in the cyclotron vault had a
threshold set on its dynode signal, just as the main detector had. The
pulées over this threshold corresponded to high energy ﬁeutrons and thus the
number of pulses in a given period was proportional to the neutron flux out
of the lithium. There was also a conventional Faradéy cup integrator used
to measure the proton beam, and its input was also recorded on a scaler.

The time to aﬁplitude converter was not able to accept pulses from the
detector for about two ﬁicroseconds while it was measuring time and delive;ing
its output pulse. The fraction of pulses lost during this time had to be
measured so that the normalized.number of neutrons could be corrected, This
became important where the number of pulses per second from the detector
changed greatly between one absorber and the next, since a different fraction
of the pulses woﬁld have been lost. Scalers to count the start pulses and
the TAC gate cutput provided this information.

It was desirzble to'have a check on the gain stabilityfof our photomultipliers
during the experimen£, since changes in gain would have changed the threshold
and hence the number of pulses in the_peaks. The number of pulses over the
threshold was counted for each photomultiplier. Then a second higher threshold
was gét and again the number of pulses was recorded. Any change in gain of a
tube would have shown itself‘as a change in the ratio of the number of pulses
over the low threshold to the number of pulses over the high‘threshold.
Finally, since a prompt gamma flash was needed for energy determination, the

high pulse height threshold that removed all gamma pulses was gated off during

the time that the prompt gamma rays were arriving. This provided a prompt

gamma peak in the spectrum. In order to do this, windows were put around the
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gamma pcaks in the original time spectrum without the threshold. These pulses
wexe then put through a logic "or” into the linear gate with the threshold
pulses. The full details of the electronic circuit are seen most easily

from the diagram in figure (4).

All of these scalers were gated on and off together by the PDPEQ computer,




Figure (4)

ELECTRONICS DIAGRAM

The details of operation of this system are given in the text. The only

(15)

further comments are that the first discriminator on the clipped anode line is

a zero crossing discriminator, and that the output from the ADC goes to the PDP-9

computer. This gates all scalers on and off together. The scalers labelled 1 -~ 6
record the following data:

1) The number of pulses over the high dynode threshold.

2) Thé
3) The
4) The
5) The

6) The

nunmber
number
number
numbex

number

of

of

of

of

of

pulses over the low dynode threshold.
start pulses arriving at the TAC.
pulses analysed by the TAC.

néutron pulses in the two peaks.

pulses at the input to the ADC.
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Figure (5)

A SAMPLE TIME OF FLIGHT SPECTRUM

This spectrum is a typical time of flight spectrum affer all gating
has been done. The prompt gamma peaké are riding on the backé;ound and have been
gated into the otherwise gamma~free spectrum. Notice that to the right of the
neutron peaks there 'is no measureable background at all. The structure to the

left of the neutron peak is the characteristic low energy tail of neutrons from

lithium,
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- 2,3 EXPERIMENTAL PROCEDURE

The "absorbers were changed approximately every 200 seconds to try to minimize
the effect of changes in the photomultiplier gain, drifts in méchine output, etc.,
_ during the period that the various absorbers wefe in place. Tﬁus, every 200 seconds
the computer stopped the scalers, the scaler readings were recorded, absorbers Were
changed and data was taken again in another region of the computer memory. A
separate region was kept for each absorber. The abosrbers were rotated in the‘
oxder: toluéne, carbon, blank, carbon, toluene. After several cycles, the stored
data was puf onto magﬁetic tape to minimize data loss in the event of an operator
mistake. Data was collected in this manner until the desired statistical accuracy
was obtained.

A closé watch was kept on the scaler readings and the position of the windows
around the neutron peaks. In the event éf a shift in phase of beam pulse relative
to the r.f., the windows would have had to be reset. In fact} this'wasvseldom

necessary. Because the scaler readings were checked carefully, malfunctions were

noticed quickly and could be corrected with a minimum of time loss,




3.1 CALCULATION OF CROSS SECTIONS

(20)

N ‘

Because of the geometfy of this experiment, any neutrons that were scattered

in the absorbers would not be detected. For this reason, the neutron interaction
is an all or nothing process in that if it reacts at'all with the absorber nuclei
it léaves the beam. In this way it is quite different to a charged particle which has

its energy degraded while passing through the electron clouds of a substance.. As

a result, the attenuation takes the form:

N3 = exp -neot eas (1)
No :
Heré, Nl is the number passing through the material, No is the number incident,
: n is the number of atoms per unit volume, t is the thickness and ¢ is the total
cross section.

Solving for the cross section:

ln_N_O__ ....(2)

g = ~l*‘
nt Ny

In this experiment, the values of N; and N, were determined from the number
of neutrons in the neutron peaks. The numbers were then normalized to the

unattenuated neutron flux and corrected for dead time in the electrbnics. The

quantity actually determined in the experiment was the attenuation factor, R.

i.e. R

1

No v een (3)
N3 .




As described earlier (page 3 ) toluene was used as the hydrogen absorber and

a block of graphite was used .to subtract the carbon in the toluene. In making the

+

subtraction, the number of carbon atoms was not balanced exactly. As a result, we

had to include a further subtraction in our calculation of the ‘proton cross section.

The attenuation R is composed of an attenuation due to hydrogeﬁ, Rp , pPlus an
attenuation due to the unbalanced carbon, Rg. ;
Then R=Rp " Re
and In R In Rp%— In R, b
Substitute from the defining equations (2) and (38) to obtain:

In R = npfci + n ta e (4)

where subscripts p and ¢ refer to protons and carbon respectively, and cross

sections are normalized.

Therefore: G}) =

———

1 (ln R = nctog) ee. (5)
npt .

Here n, is positive since there was an excess of carbon in the toluene. If there

had been a deficiency of carbon in the toluene, the value ng, would be negative.




(22)

3.2 DETERMINATION OF ERRORS

To determine the uncertainty in the value of 0p derived in equation (5), we

write it in two parts:

npt npt

Then, adding in quadrature,

a6 =[(an? + p2] ¥ | er (7)

To find the individual parts, (AA) and (AB) , the standard method is used.

The first part becomes:

npt |

an)? | [Aln RT12 [angtP . [aR P lantP ... (sa)
A« L 1nRJ nbgj ‘ R 1lnk

and similarly the second term is:

(A'Béi - [Agcz]ﬂ [_4%]2 - [Ar(lngt)lz - ... (8D)
c c p

Since A and B are known, equation 7 will give a standard error or uncertainty.
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An idea of the typical size of the various terms in these error equations

is given By the example in Table I. Here, the 37.11 MeV measurement has been

used as a typical example.

TABLE T
Term Size Term Size
aln R | 012 . , AT .020
In R - o

ANt - .005 Anct .005
AR : .0038 ' AB .0013
Doy .0151

o
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3.3 DETERMINATION'OF THE _ATTENUATION AND ITS STATISTICAL UHCERTAINTY

The attenuation factor R must be normalized and corrected for dead

time, Normalization is accomplished by dividing the number of peak neutrons by
the number of monitor counts in the same period of. time.

However, this is still not an accurate representation of the number of
neutrons since some neutron pulses frém the detector were lost dpring the

time the TAC was inactive. This can be corrected since we know the number of

pulses that were seen at the start of the TAC and the number of pulses the TAC
had analysed. By multiplying the number of neutroné by. the ratio of the TAC
start pulses to TAC analysed pﬁlses, we correct for the percentage of pulses

lost at the TAC. The final neutron intensity is given by:

where I is the number of peak neutrons,
M is the number of monitor neutrons;

Tg is the number of TAC start pulses, and

Tg is the number of TAC pulses analysed.

This must be calculated for both No and N3 in equation (2). Hence the attenuation

factor is:

where Ny and N) are calculated in the above way.



The uncertainty in the attenuation factor comes from the statistical uncertainty

in each of the eight numbers involved in its calculation.

i.e. | _l_sﬁ_l_?__ - [('_%E_Q)z* {é_{/{%_) 2 o iiean eth 3

- For statistical values,

So the uncertainty in the attenuation factor is:

’ 1
AR 1 1 1 ... ete. ]5
+ + «
R [ I Mo +_Tso

' Again, eight numbers are involved. These are peak neutrons, normalization, TAC

starts, and TAC output pulses for both absorbers.

About two-thirds of the uncertainty in the cross section is from statistics,

with the rest coming from density measurements and uncertainty in carbon cross sections,

..
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3.4 INTERNAL CONSISTENCY

The absorbers were moved in and out of the beam with each absorber

spending 200 seconds in the beam. For each 200 second carbon and
toluene pair, a cross section can be calculated, although the statistical

uncertainty may be quite large. As many as twenty of these may be

required for the final high precision data. A check of the internal

consistency of the results can then be made. The standard error in

the mean can be calculated in two ways. One way is to determine it
from the deviation between the individual cross sections and the mean.

This gives an error:

’ , L
A PN
L (n-1) 5;‘_ W
where wy; is the weight of cross section o5 in the calculation of "
the average, & . The value n is the number of cross sections 0

involved.

The other method of detérmining the standard error in the mean

is from the statistical uncertainties of the individual cross sections.
If the statistical uncertainty for cross section 05 is o5 , the error

in thé mean is:

Ay = (%ws"'*c(s,‘i’):"I
3 %%




(27)

For the statistical case, wg is proportional to l/q: . The ratio
of e to oy then becomes a consistency ratio and has the form:
n I
S- B
&

de = (05 = &) /s
ok ¢ _ (n-1)

This ratio should be nearly unity and the uncertainty or expected

deviation from one is: .

These ratios were calculated for all data used and were found to
be unity within the expected tolerances. This indicates that the con-
sistency in the results is as good as the statistics, which is in the
~order of 0.3 percent  for most of the points,

In Table III the full set of @; and «g values- used in the'final
data is given. Alsﬁ included is the mean o and thé value of e /¢
with its expécted deviation from unity; Note that’thé_valueskof

and 0y are not complete in that density and thiCkﬁessare‘nbt included

in their calculation.

i.e. : 0: = 1In Rg and

KA
I

in R

The value SIGMA in Table ITI is agand‘is‘unitless and the ERROR.
is due to statistics alone. The values for peak neutrons, monitor
neutrons, etc; are summed values'which7we:e used in calculatibn‘of~F‘
which is given as average sigma in the table. The consistency ratio

%e /i is also given with its expected deviation from unity, i.e. A .



TABLE II

ENERGY: 25.60 MeV

(28)

Carbon Absorber'

Toluene Absorber

Peak Neutrons

145260.

84895.

Average Sigma is 0.555045

Statistical Error is 0.0048177

The Consistency Ratio (P.27) is 1.2356

Allowed Deviation from 1.0 is 0.1768

Monitor Neutrons TAC Starts TAC Stéps‘

1834659.

1864559.

1948308.

821179.

Sigma Error Sigma Erxor

0.543083 0.0212745 0.583277 0.0210803
0.565358 0.0212518 0.564103 1 0.0210050
0.531071 0.0206753 0.547897 0.0207899
10.565564 0.0212687 0.589792 0.0215038
0.522041 0.0207482 0.560408 0.0187712
0.593155 0.0188919 0.550804 0.0172372
0.548901 £ 0.0191366 0.527253 0.0192372
0.578143 0.0196813 0.562510 0.0177845
0.501955 0.0199345 0.000000 0.0000000

1942065.

819998.




TABLE IT cont’d.

ENERGY: 26.87 MeV

(29)

Sigma Exrror Sigma Error

0.518078 0.0224877 0.511274 0.0219259
0.4745587 0.0191913 0.542197 0.0193338
0.491927 .0-0190727 0.541982 0.0188821
0.503663 0.0188353 0.514951 0.0187378
0.569640 - 0.0185334 0.525198 0.0185288
0.521990 0.0187492 0.533244 0.0189907
0.532734 0.0185068 0.516554 0.0183193
0.522084 d.0184045 0.535140 0.182985
0.529482 0.0185157 0.523291 0.0225523
0.534333 0.0221036 0.509723 0.0203979

Carbon Absorber

Toluene Absorber

Peak Neutrons

162547.

96147.

Average Sigma is 0.522633

Statistical Error is 0.0043311

The Consistency Ratio (P.27) is 1.0486

Allowed Deviation from 1.0 is 0.1622

Monitor Neutrons

3314449,

3298135,

3827671.

1860186.

TAC Starts TAC Stops

3808149.

1855298.
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TABLE II cont’d.

ENERGY: 26.90 MeV

Sigma

Sigma Error Exrror
0.534804 0.0111081 0.547138 0.0111670
0.519740 0.0111811 0.527244 0.0102576
0.522388 0.0102085 0.53é958 0.0104070
0.542641 0.0103613 0.000000 0.0000000
Peék'Neutrons Monitor Neutrons TAC Starts TAC Stops
Carbon Absorber 207866. 757336, 11205080. 10821830.
Toluene Absofber 121601, 745676, 6970072, 6816759,

Average Sigma is 0.533189

Statistical Error is 0.0040209

The Consistenéy Ratio (P.27) is 0.9692

Allowed Deviation from 1.0 is 0.2887
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TABLE IT cont‘d.

ENERGY: 30.40 MeV

Sigma Error Sigma Exror

0.474243 0.0113805 0.470808 0.0113281
0.463709 0.0112755 0.489238 0.0112702
0.461361 0.0112272 0.482180 0.0111270
0.492276 0.0113065 0.473185 0.0113062
0.454876 0.0113517 0.463201 . 0.0113267
0.456242 0.0113092 0.464965 0.0114444
0.493169 0.0114948 0.000000 0.0000000

Peak Neutrons Monitor Neutrons TAC Starts TAC Stops

Carbon Absorbér 345280. 1241388, 8158946, 8041630.
Toluene Absorber 215931. 1237090. 4444158. ,4407967.

Average Sigma is 0.472220

Statistical Error is 0.0031369

The Consistency Ratio (P.27) is 1.1717

Allpwed Deviation from 1.0 is 0.2041




TABLE II cont’d.

ENERGY: 31.96 MeV

' (32)

Sigma Error Sigma Error

0.443867 0.0140468 0.418896 0.0140787
0.446876 0.0140085 0.428877 0.0182756
0;388870 0.0184838 0.466557 0.0183406
0.464431 0.0156010 0.470974 0.0157836
0.444998 0.0159452 0.422900 0.0200819
0.434854 0,0154696 0.000000 0.0000000

Carbon Absorber

Toluene Absorber

Peak Neutrons

161117.

105154,

Average Sigma is 0.449596

Statistical Exrror is 0.0046501

Monitor Neutrons
613466.

625938.

2198948.

1132970,

The Consistency Ratio (P.27) is 1.6051

Allowed Deviation from 1.0 isVO.2236

TAC Starts TAC Stops

2186902,

1129885.
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TABLE II cont’d.

ENERGY: 33.96 MeV

Sigma Erroxr Sigma Erroxr

0.366757 0.195487 0.390393 0.0191544
0.408525 0.0197279 0.419746 0.0195406
0.376174 0.0195572 0.392945 0.0168280
0.391640 0.0167438 0.378514 0.0167393
0.422407 0.0164761 0.406815 0.0165646
0.385054 0.01648345 0.394862 0.0160683
0.503227 0.0173033 0.374012 0.0170559
0.447903 0.0160494 0.431178 0.0149488
0.430173 0.0152282 ‘0.396017v 0.0151593
0.401813 0.0150328 0.000000 0.0000000

Carbon Absorber

‘Toluene Absorber

Peak Neutrons

190517.

130640.

Average Sigma is 0.408111

Statistical Error is 0.0038604

The Consistency Ratio (P.27) is 1.8607

Allowed Deviation from 1.0 is 0.1667

1939904.

1992609.

5613634.

'Mbhitor Neutrons TAC Starts TAC Stops

3210606,  3195723.

5565251,
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TABLE TI1 cont’d.

ENERCY: 34.45 MeV

- Sigma Error Signa Error
0.430281 0.0221970 0.435671 0.0222826
0.470521 0.0223179 0.389356 0.0225680
0.406073 0.0168783 0.424749 0.0172942
0.435395 0.0171740 ' 0.461493 0.0185187
0.417276 0.0172770 0.418576 0.0176972

Peak Neutrons Monitor Neutrons TAC Starts

Carbon Absorber: " 154667. 120649, 5222432. 5158844.
Toluene Absorber: 100837. 118952, 3003487,

Average Sigma is 0.418537
Statistical Error is 0.0058418
The Consistency Ratio (P.27) is 1.2907

Allowed Deviation from 1.0 is 0.2357

13025542,

TAC Stops




TABLE II cont’d.

ENERGY: 37.11 MeV

(35)

Sigma Errox Sigma Error
0.355102 0.0197983 0.364571 0.0187276
0.352930 0.0186381 0.369589 0.0185359
0.343699 0.0186625 0.384703 0.0189887
0.341625 0.0190542 0.364711 0.0194292
6.385131 0.0192984 0.347337 0.0192105
0.363064 0.0191390 0.3857772 0.0186636
0.366482 0.0193877 0.371344 0.0186409
0.333571 0.0186839 0.339852 0.0189624
0.0189139 0.871656 0.0187340

0.394185

Carbon Absorber

Toluene Absorber

Peak Neutrons

139392.

96740.

Average Sigma is 0.361325

Statistical Error is 0.0044807

The Consistency Ratio (P.27) is 0.8846

Allowed Deviation from 1.0 is 0.1715

Monitor Neutrons TAC Starts TAC Stops

1352066.

1342633.

5027621.

2937776.

4990674.

2925139,




TABLE II cont’d.

ENERGY: 37.87 MeV

Sigma Erroxr Sigma, Exrror
0.372129 0.0231462 0.449574 0.0232310
0.399137 0.0228660 0.361912 0.0229281
A0.367728» 0.0232905 0.385081 0.0237533
0.352117 0.0251577 0.385641 0.0283211
0.350943 - 0.0249917 0.357882 0.0262692
0.306756 0.0270583 0.282097 0.0270827 ‘
0.378632 0.0277096 0.000000 0.0000000

Peak Neutrons Monitor Neutrons  TAC Starts TAC Stops
Carbon Absorber: 105888. 88681, 3631114. 3605255,
Toluene Absorber: 88278, 2041388,

73018.

Average Sigma is 0.370022

étatistical Error is 0.0068756

The Consistency Ratio (P.27) is 1.6228

Allowed Deviation from 1.0 is 0.2041

2050072,




TABLE 11 cont’d.

ENERGY: 42.81 MeV

(37)

Carbon Absorber

Toluene Absorber

Peak Neutrons

156176.

113750,

Average Sigma is 0.308944

Statistical Error is 0.0043107

The Consistency Ratio (P.27) is 1.7085

Allowed Deviation from 1.0 is 0.1826

Monitor Neutrons

1143108.

1131408,

3890885.

1931425.

Sigma Error Sigma Error
0.257363 0.0235440 0.339837 '0.0222362
0.302830 0.0206018 0.295452 0.0192502
0.369582 0.0196194 0.333758 0.0158782
0.319651 0.0157997 0.343228 0.0159381
- 0.268558 - 0.0161147 0.276104 0.0160793
0.312380 0.0161307 0.287877 0.0156873
0.334495 0.0162119 0.287400 0.0162869
0.320972 d.0170549 0.335213 0.0170642

TAC Starts TAC Stops

3369675.

1923665.
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3.5 ENERGY DETERMINATION

The energy of the neuﬁrons in the peak is detexmined by measuring their time
of flight over a known 500 cm. path. This gives the velocity which is put into
the relativistic equation for the kinetic energy.

To determine the flight time, two thlngs are needed. We need first to know
when the flight started This is determined from the arrival time of the prompt

¥ rays that left the lithium at the same time as the neutrons. We know these ¥

rays took 16.7 nsec. to reach the detector.

t?’ = 500 cm. | = 16.7 nsec.
29,98 cm/nsec. .
Thus we can find the starting time.

Secondly, we must know how many f.f. periods (about 85.11 nsec. each) the
neutron is delayed with respect to the gamma ray‘before it is‘detected. " This is
necessary since our time spectrum is really made up of two r.f. periods so that
35.11 nsec. is the longest time we can directly measure. Thus to get the correct -
neutron flight time, the number of r.f. periods must be added to the time measured
directly on the time spectrum. A diagram showing the position in space of .succesive
bursts of gamma and neutron pulses is given in figure (6 ).

Once the velocity of the neutrons is determined, the kinetic energy can be

found by substituting into the relativistic equation,

E = Ef -E) 2 moc? 1 -1
| ' [(1 mTEIR) A ]




(89)

In this equation Ey is the neutron kineticvenergy,
Eeo ds the rest mass energy,
E, is the total neutron energy,
m,, is the neutron rest mass, and
v is the neutron velocity.
As an example, for the case shown in figure (6), the neutron velocity is
8.48 cm/nsec. This gives a value of 977.9 MeV for the total energy which leaves

about 40 MeV of kinetic energy for a neutron rest mass of 938 MeV.
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Figure (6)

RELATIVE POSITIONIS OF Y AND n. PULSES

Figure (6a) shows the position in space of the neutron and gamma pulses at
the moment a gamma is detécted at the five metre mark. Dashed lines show which
gamma corresponds to which neutron. Note that when the nth gamma is detected, the
(n-—l)th neutron is 7.1 nsec. away from the detector.

Figure (6b) is a sketch of the resulting time spectrum. Theré is a
7.1 nsec. separation between the neutron and the prompt gamma. This correspoﬁds

to a total flight time of 58.9 nsec. which would be the value used to calculate the

enexrgy.
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L EXPERIMENTAL RESULTS

The data which spans the energy range from twenty-five to forty-
three MeV was compared to the already-published data and is shown plotted
in’figure (7). The actual data as measured is given in Table III. Cross
sections for the carbon were obtained from published results,

The curve shown by the solid line is a smooth curve through the

points at 20, 25, 30, 40, and 50 MeV given by the MacGregor phase

shift tables. The plotted points on the average are 3 to 5 millibarns
higher than this curve. Calculations for‘the curve are given in
Appendix C.

Agreement of results measured in this experiment with those
published by U.C. Davis in this energy range appears to be good within
~ about 1.5% and the overall agreement among data from U.C. Davis, Canberra,
Wisconsin (9) and Manitoba between 25 énd 28 MeV is excellent,

There are two conclusions that arise from the data preseﬁted in

figure (7). The first is that the n-p cross section may now be considered

as well determined in this energy range to an accuracy of 1.5% or better.
The agreement between the various published values and our own measurementsfi
is within the errors quoted. |
The second result is the fact that the measured values are higher

than the phase shift derived cross sections. thile this difference
amounts to only about 1.5%, it is conéistent in that only one measured
point is below the curve. On the other hand, fifteen are clearly above
it and three have error bars that overlap it. The conclusion wQuld be

that the curve is low by about one to one and a half percent.
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TABLE TTI
ENERGY CROSS SECTION ENERGY CROSS SECTION
(MeV) (Millibarns) (MeV) (Millibarns)
© 25.60 374.1 Y 3.9 33.96 269.5 ¥ 3.2
26.87 352.3 2 3.6 34.45 265.5 X 4.6
26.90 347.8 £ 3.4 37.11 236.6 ¥ 3.6
30.40 303.0 X 2.8 37.87 223.1 X 5,3
31.96 291.0 ¥ 3.6 42.81 199.7 ¥ 3.4
P
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Figure (7)

PLOT OF DATA

Data is shown plotted on a log-log graph. Note that the measured

points are consistantly above the curve.
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APPENDIX A

FURTHER EXPLANATION OF FIGURE (7)

Since figure (7) is a log-log plot and one may want to read data off
it or plot further data on it, the following equations for the x and y
co~ordinates are given.

X = 37.67 loglO E -~ 49.1

y =57.67 log, . 0f — 130.07 )
: 10 _

-where x,y are in centimeters,
E is energy in MeV, and

07 is cross section in millibarns.
, lnniny

Vs

s N\
The y-axis goes from 180 mb. at y=0 to 400 mb. at y= 20cm, The x-axis

is 20 MeV at x=0 and 50 MeV at x=15cm.
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APPENDIX B

The following two pﬁges contain the schematic diagrams for the timing

base used for the 8575 and for the dynode preamplifier.
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APPENDIX C

The total cross section was calculated from the phase shifts by

the following method. The cross section is given by: e

d’;p = 8 1_m (&HP)

k
where k is in the centre of mass frame. The values for dnpare given by:

Lap = {2 fi, + fo,o + fs,s}

1
T
where the ffj are scattering amplitudes for zero degrees.
i.e. f$$ is the singlet amplitude

f? is the triplet for paired spins (1t or {¢)

and f,, is the triplet for opposite spins (t§).
, _

These were determined by summing over 1 values the various phase

shifts with their appropriate amplitudes. The phase shifts § and the

coupling ratios & used in the summations were listed in the paper by

MacGregor.




