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ABSTRACT

Absolute. n-p elastic scatfering chSS'.Sectiqns were measured
at 19.5° and 2.5‘.'l°' (1ab) for an' incident .neu'txjon energy of 24 MeV. A
‘ liquid scintillator detected both the incident and scattered neutrons.
~The scatterer was a liquid scintillator also. The c.m. differential
cross sections were 31.'319.‘.'5 and 30.7%0.6 mb/sr-at c.m. scattering
angles of 39.3° and 50.5°, reSpectively;~ The present results agree

with the cross sections predicted by Hopkins and Breit.
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I. INTRODUCTION

Aﬁ accurate.knoQ1edge'of n-p differential cross sections tests
our undefstanding of the nﬁclecn-nucleon interaction and is' needed for
the measuremenc of fest neutioniflux. In 1957 Gammelt proposed an '
energy dependent_fit to the availabie data of the form A(1 + B'coszec.m.)
for energies below 42 MeV{,cLater data® have shown-that the interaction
is not symmetric about 90° in the c.m. system indicating the need for
a cos O term. Recently, Hopkihs and Breit3ihave used.the Yale and LRL
nucleonenucleoh phase shift ahalyses to obtain fourth order Legendre
polynomial expansions_for fhe aiffeteﬁtial cross section. ‘They predict
that the cdefficients ef the P1 and‘PZIterms have approximately the
same magnitude between 26 and 30 MeV. At 24 MeV, the anisotropy in the
cross section reaches 10%, and the P, and P, terms acceunt for most of
this anisotropy. o |

| Nbst measurements of the dlfferential cross section have used
. a counter telescope for detecting recoil protons but this method does
not work at forward angles because of the small rec01l proton energy .

4

The most accurate measurements near 24 MeV are by Rothenberg ™ and

Burrowss»who has--extended the range of this method down to a c.m.
scattering angle of about 70°. TheSe ﬁeasurements are'all relative and
must be hofmalized'to the‘fotal cress section. This normalization
requires a knowledge of the,scattering at small angles where the cross
section is not well known. '

" The only previous forwardfangle scattering measurement was
by the Harwelljgrbup2 and their energy resolution was poor (fwhm of

>

5 MeV).
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. The present‘paper reports an absolute measurementAof the

differential scatteringtcroSs section at 19.5 and 25.1°(lab).v Both

. the intensity.of'neutrons,scattered through an angle 6 by a target
scintillator and the intensity of the incident 0° neutron beam (see
Fig. la; b) were measured The use of the same detector for both
measurements made an absolute determlnatlon of the incident flux den-
51ty unnecessary . Only the relative eff1c1enc1es6 of the detector

for neutrons before and after scattering had to be known to normalize
the number of neutrons detected at 6 to the number 1nc1dent on the tar-
get. The present data provide -a measurement.of the differential Cross
~ section at 39.3° and 50 5° (c.m.). 4These results may be combined with
the relatlve measurements in ‘the backward hemisphere (such as those by
Rothenberg4 and Burrows ) -and w1th the well known total cross section

. to give an angular distribution.
II. EXPERIMENTAL METHOD

A. General

Neutrons of 24 MeV lab energy were incident on a target scin-
tillator. The neutrons scattered through an angle 8 pass 1nto a detecting
scintiilator. The target was a liquid hydrocarbon_scintillator so that
the background could be reduced by‘requiring fast coincidences between the -
recoil,protons of the target and the detector scintillators. The 0°
neutron flux density was also measured with the detector. The count
rate of neutrons observed atA0°’depends.on the incident flux and the
detector efficiency for 24eMeV neutrons. The count rate of neutrons

observed-at the lab scattering angle 6 depends on the same incident flux,



the n-p differentiél crdss section and the efficiency of thejdetector
for neutrons of energy EO cosze. " The rafio-of these two'cougt rates
gives the differential éross sectibn and is independent of the value,
of the incident neutron flux. The resulting cross section depends

\

. . |

only on the ratio of the detector efficiéencies at two nearby energies. i
. . |

B. NeutroniSource
The neutron sdurce was fhe T(d,n)4He reaction. Deﬁterons of

7;0‘MeV energy from a tandem accelerator were incident on a tritiqm gas
cell, Figure lc shows an expanded view of the tritium cell. The cell
was 3.8 cm long and contained about.ZO Ci of tritium when filled fo'
1 atm. .Gas»pressures ranged from 0,84to 1.8 ath. Entrance and exit
foils were 2.5 um molybdenum and were chahged every.other day on the
accelerator. Beam collimators prevented deuterons from hitting the
'tantalumAwashers which supported the mplybdenﬁm foils. The cell had an
evacuated backétop and was air cooled to minimize beam heating effects. This .de-
" sign insured tﬁat the neutron flux density was the same for all runs.
~ Had the deuteron beém stopped in thé tritium cell, heating effects wquld
have changed the local tritium pressure and consequéntly the neutron |
source stfength. The backstop was larger in diameter than the gas cell
to prevent attenuation of the néutron beam by the walls of the backstop
in the #3° range about the 0° direction. A 0.5-mm gold foil stopped %
the déﬁteroh Beémt It was replaced periodically to reduce the number
of neutrons produéed by the.D(d,n)SHe reaction. . o

| The mean deuteron energy at the center of the tritium cell was ‘
6.84 MeV (for ~ 1 atm T2 pressure). This resulted in approximately

1

1.6 x 107 neutrons sr™! uC™! at 0° with an energy of 24.03:0.08 MeV.



C. Apparatué :
Figures la,b.show the apparatus and geometry used. The
~ scattering target and the detector were’scintillatbrs mounted on RCA
8575 and Amperex XP1021 photomultiblier tubes,.respectively. They were
mounted. s td allow adjustment in the plane perpendicular to the beam.‘
Both target and detector had iucite caps with a 0.4 mm diam
rod sticking up through tﬁe center. This rod defined the center of
each scintillator. Disténces between scintillafors and gas cell were
measured to 0.2 mm. | _
‘The target was a 2.5 cﬁ diam x 2.5 cm high NE 218 liquid scin-
tillator7 in a glasé cylinder wrapped in aluminum foil and mounted on an
RCA 8575 phétotube with its'axis perﬁendicﬁlar to the beam direction.

The mass’ of the scintillator liquid was 11.37 gm and the H/C ratio®

5

(0.659£0.003) x 10%%.

was 1.28. The total number of.hydrogen atoms in the sample was

The detector was a 2.5 cm diam by 5.1 cm high NE 218 liquid

scintillator.

D. Electronics

(1) Phototubé stabilization. The count rate in the target
scintillator was just umder -1 MHz. A Zener diode'Sfring and capacitor
| bank stabilized the voltage at each of the last four dynodes and increased
the current hahdling capécity of'fhe bleeder‘string. The string was air
cooled and operated at about 5 mA. With the diode string in oﬁeration,

60

. no change in the pulse height spectrum of a ~"Co source was observed for

count rates up to 5 Miz.
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(i1) Electronics for data acqulsitidn. ‘The electronics pro-
vided recoil proton pulée height spectra for neutrons scattered from
the target scintillator into the detector scintillator. Figure 2a is
a Simplifled blook diagram of the electronics. Neutrons were detected
in both target and detector, and a fast (time-of-flight) coincidence
requirement reduced background. A pulse shape discrimination system

rejected gamma ray pulses from the detector. Figure 2b is a diagram ‘

of the actual electronics used.

E. Procedures for Taking Data
The beam current'was usually between 1 and 2 pA, the lower
limit determlned by count rate considerations (0. 5 counts/sec) and the
upper limit by the max1mum allowable beam on the molybdenum windows.
The maximum safe current for nlckel f01ls9 was assumed for molybdenum
-The angular distribution of the neutron flux near 0° was
measured. It varied by less than 2% over the area of the target scin-
tillator. The data.analysis took into account these deviations.
| A current integrator measured the charge incident.on the
tritium gas cell. The calibration.and zero point of the current in-
tegrator were checked at the beginning of each accelerator running
period. The offset current measured with no beam on the target was less
‘than 0.2% of the target current. A correction for this offset current
was. applied.
| Both maximal and minimal (shadow) shielding were tried in an
attemptvto reduce background. :Foreground/background ratios were approxi-

mately the same in each case. Observed backgrounds were about 8% at
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25.1°, 28% at 19.5°;_ Shadow shielding was'used Because it Was4éaSily
removable for 0° normaliza;ion runs. (See steps 1 and 4 Below.) The
shadow shield consisted of 30 cm iron plus 5 cm lead in the direct path
of neutrons from the gas cell to the detector. (See Fig. 1b)

The following procédure was used'in taking data:

(1) Measurement of 0° neutron flux. A 0° normalization run

in the direct neutron beam was taken with the detector far enough away:
(142 cm) from the neutron source that the count rate was less thanA..

‘ l‘kHz. The count rate was reduced by moving the detector away from
the neutron source rather than by decreasing the beam current so that
the neutron source strength would be the same for this run és for each
of the following runs (2)-(4). This procedure also eliminated any
residﬁal‘effects due to heating of the tritium cell since the deuteron
current ﬁas;the same for all runms. |

(2) Background measurement. A 41-cm iqng iron shadow bar

was inserted between the gas cell and the .detector for a 0° background
Tun. _Typical recoil protdn spectra from steps (1) and (2) are shown in
Fig. 3a.

(3) Scattering data. The detector was positioned at the scat-

tering angle 6, and the target scintillator was raised into the direct
neutron beam. A time-of-flight (TOF) coincidence requirement between
target and detecting scintillators was imposed, and data were collected
for about 1 hour (5000 uC). A TOF spectrum of particles scattered by
the target scintillator and qbserVed‘in the detecting scintillator is.
shown in Fig. 4. These particles Sétisfy a fast coincidence requirement
and the requirement that the particle seen in the detecting scintillator
be a neutron.” A 'real' neutron is a neutron which satisfies these.




_‘8..'

requireménts. One channel of the TOF spectrum qf 'real' neutrons is
approximately 0.2ns and the fwhm Qf the timing spectruﬁ is about 2ns.
A simultanequﬁly measured 'accidental' TOF spectrum is a150'shqwn oﬁ
the same.figure. 'Accidental'.méans that fhe particle seen in thé
detectiﬁg scintillator was a neﬁtfoﬁ whi;h did not meet the flight
time requirements. The 'accidental' spectrum was obtained by delaying
one side of the coincidence system'by about 15 ns.' This delay has been
" removed in the figure for comparison purposes. The effect’of the
slight différences in the length of time for which the real and ac-
cidental coincidence gates were open was included in -the data ahalysis.
-A “A typical ‘feal"recoil proton spectrum observed at a scat-
tering angle of 25.1° is shown ih'Fig; Sb; This spectrum shows the

/

pulse height distribution of Tecoil protons\Prqduced by 'réal' neutfons
and is gated by the same logic as the 'feal'-TOF'spectrum as indicated
by fhe'électronics shown in Fig. 2b. The numbers above the arrows in-
dicate the bias energy expressed as a fraction of the incident neutron
energy. The location of the.:arrows takes: into account the non-linear
responSe of the scintillator which was measured in a separate experi-
ment.6 An 'accidental' spectrum was measured simultaneously. It was
gated by the same logic as the 'accidental' TOF spectrum. |
| Figure 3c shows spectra obtained at a scéttering angle of 19.5°.

Since the backgréund is three times higher here, the>present method has

limited usefulness at smaller angles.

(4) Scattering data background. An iron shadow bar was in-

serted between target and detector (the shadow shielding between gas

cell and detector remained in place) for aAbaékground run. All shielding -
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was then removed, the target scintillator was lowered out of the 0°
-~ neutron beam, and the detecting scintillator was moved to its 0°

location for another 0° flux measurement.
3. THEORY AND ANALYSIS

The differential cross section for neutrons scattered by pro-

tons through a lab angle © is;0
s2a® £.(E) o (E A
= B0 npt 07 1 0 -
o(6) = — = B (1)
d0 fB(El) onp(El) p 0 :
" where
S = distance from neutron source to target scintillator,
d = distance from target scintillator to detecting scintillator,
| ‘ e :
| d0 - = distance from neutron source to detecting scintillator

for 0° measurements,

chp(E)t= vthe n-p total cross section at energy E,
np = the total number of protons in the target,
Ae = number of neutrons detected per unit charge after
being scattered from the target into the detector,
B0 = number of neutrons detected per unit charge in the
0° position, and
fB = fraction of the total numbef of recoil. protons

detected at a given bias.

The bias factor fB is given by

™
fp = J Ocm. () (sin _‘J’)d‘i’ ‘ Oé.m.(‘l’) (sin V)dy , (2)

lymin ' 0
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where ¥ is the c.m. scattering angle and-?min'is the neutron sCattering
angle at which the'recoii proton energy is equal to the bias energy B.
The c.m. differential cross*sectién-is*ccim;(T) énd the integral is over
a differential Volumé element inside the detector. Table I gives values
of the ratio fB(Eé)/fB(El) as a function of bias energy for various
assumed angular distributions. The table indicates fhat for these angles
and biases the assumed angular distribution has little effect on the de-

termination of the differential cross section. The Hopkins and Breit

| angular disfribution derived from the Yale phase shifts was used in
this calculation.

1 The lab cross sections were converted to the c.m. system using
1 : the relativistic kinematics program RELKIN.'ll

i Not yet inclu&edvin the relation (1) are the effects of mul-
tiple'Séattefing,'exponentiél attenuation, and wall effects. Thésé will
‘ be discussed in section 4. | | | | | - |
} A comﬁuter program analyzed all recoil protoﬁ pulse heighf spec-
tra and calculated a laboratory differential cross section.-VIt took into
account backgrounds, accidental coincidences, bias effécts and the non-
linear response'of the scintillator. It also included the effects of
transmissions through shadow bars, differences in widths of TAC spectra,

dead time, ADC and current integrator corrections. In addition, the pro-

gram calculated statistical errors.
v ~ 4. CORRECTIONS
A. Multiple Scattering.

Consider neutrons which have scéttefed once from a hydrogen
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atom in the target scintillator through an angle 6 towards the de-
tector. The number of neutrons going in'this direction may be de-
creased by collisions w1th either hydrogen or carbon atoms in their
paths whlle leaving the target sc1nt111ator. Thls is called exponentlal
attenuation of the outgoing beam or outscatterlng. The number of neu-
trons headed towards the detector may be increased by neutrons which
have scattered previously from hydrogen atoms in a direction away from
the detector and then scatter from either H or C" . towards the de-
tector. The scattered flux may also be increased by neutrons which
“have scattered previously from carbon in any direction and then from
hydrogen“ ~  towards the detector. Neutrons interacting only with
carbon are not included because carbon recoils are not detected in the
target scintillator since the bias level.on the target scintillator
was set above the maximum light output for both carbon recoils and
:alpha-particles from reactions'in carbon.
A Monte-Carlo computer program traced the traJectories of

.about 6 x 105

interacting neutrons through ‘the target sc1nt111ator and
- calculated the numbers of all p0551b1e'1necatterrng and outscattering
collisions. At 25.1°, 5.5% of the detected particles were due to in-
scattering while 9.0% had been outscattered for a net correction of

+3.4%. At 19.56, inscattering was 2.8%, outscattering was 8.7% and the

correction to the scattered flux was +5.8%.

B. Finite Geometry
The tritium gas cell is actually a neutron source of finite
length and not a point source. Neutrons are assumed to be produced

uniformly'over this length. Thus the front of this cell subtends a
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different solid angle at the target than thé back of the cell. The

‘average count rate A, may be written as?0

g = Ag _“1_2'
l-CEZZS)

where L is the length of the tritium gas cell and s is the distance from
the center of the gas cell to the center of the target. For L = 3.8 cm
and s = 34.5 cm_this represents a correction of -0.3% to the differential
cross section. This correction is negligible when the detector is at 0°,
sincé the distance to’the detecg:o.rz. is’ abqué?i142a.aﬂ. |

The same correction may also be made for the finite length of
the target. Here the differential cross section must be multiplied by
the factbr 1- (D/Zd)‘2 = 0.999 (whefe the target diameter D is 2.54 cm

and d is 33.4 an) for a correction of -0.1%.

C. Attenuation in betector

"The flux actually measurgd in the detecting scintillator is not
uniform throughout the scintillator but is expoﬁentially attenuated
along its pathlthrough the scintillator by.collisions qf the neutrqns‘
with C and H nuclei.
| Ey performing an_integratiqn over the volume of the scintillator10
we find, for an incident energy of 24 MeV, 92.3% of the incident neutrons
are transmitted thfougﬁ the scintillator. At a scaftering angle of 19.5°;
91.8% of the scétte;ed neutron beam is transmitted through the detecting
scintillator. At 25°, 91.1% gq‘thrqugh. Since. the attenuation depends

on the energy of the neutrons incident on the detecting scintillator,
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corrections to the differential cross section of 0.5% at 19.5° and

1.3% at 25° result.

D. Attenuation in Target and Air

The actﬁal neutron flux iﬁ the detecting scintillator differed
‘from that measured at 0° because of the exponential attenuation of. the '
neutron beam as it passed through the target. Five separate factors
must be taken into aécount in the calculation of this-effect:

(1) The expdnentigl attenuation of the neutron beam entefing
the target scintillator must be included. This will decrease the
average beam intensity passing through the target. Thisleorrection was -
calculated by partitioning the,target scintillatof into 15 segments and
calculating the transmissioh (Ti).through half the thickness of each
segment.: | | | |

| (2) The'effect of exponential attenuation of the neutronibeam
cbming out pf the targét towards the detector must be‘includgd. Here
' wé mus t consider both the decrease in the flux density directed towards
the detector by outscattering and the increase in this flux density by
neutrons which scatter first in some other direction and then towards
the detector (inscattering). This-calculation has been done more ac-
cﬁrately in the multiple scattering prograﬁ but is included here because
it is also needed in the calculation of the,averagé scattering angle.
(3) The effect of exponential attenuation by the material
(glass, tape and aluminum foil) surrouhding the scintillator fluid must

also be'included, This must be considered for both incident and out-

going neutron beams. This correction was calculated from the experimentally

observed transmission through the scintillator (including container, etc.)
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and the calculated transmissien_through the scintillator fluid alone.
This was a 3.9% correction to the differentiai Cross Section.

(4) The effect of differing distances and scattering angles
at dlfferent locatlons in the target SC1nt111ator must also be included.

(5) Exponential attenuation by the air must be taken into
aqconnt. This applies to both the 0° measurement of ‘the direct flux
Adensity and the measurement of the scattered flux density. The effect
will be greater at 0° than at thezscattering angle 6 since the distance
from the neutron source to the detector is greater at 0°. The net cor-
rection to the cross 'section is -O.i%;

The target scintillator was partitioned'into 15 segments (5
in the horizontél plane by 3 in the vertical plane)'tq caiculate and
measure the effects 1 2 and 4 above |

The dlfferentlal cross section (Eq. 1) may be rewritten alsl'0

- o(® = (1+6) o(8), L (3
" where
: 15 .
C. ‘ d,\ 2 -1
- 't 4 Vv 8
1+6= 55 T.T (3;) ’ 4)
i=1 _
and

th

Ci is the measured neutron flux in the i~ segment (8 denotes

the middle position, the position at which all 0° flux

measurements were made),

T, is the transmission of the incoming neutron beam through

half the thickness of the ith segment of the scintillator fluid,

Ti is the transmission of the outgoing neutron beam through
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Athe remaining thickness of scintillator fluid towards the
target. Ti' was set equal to 1 to calculate § because

this effect is already included in the multiple scattering
correction. 'It was needed for the average scattéring angle

calculation,

' V; is the volume of the ith'ségment; V is the total volume,
~and di is the distance from the center of the ith segment

to the detecting scintillator.

| At a scattering angle of 19.5°, 6§ is 0.077; at 25.1°, ¢ is
0.0%6. o
~ Average scattering angles were calculaféd from these parame-
ters using the equation | |

15

’ C1 1 \
Z ei'Viq 12 LT o
~ =1 i ~
g = s i )
C.
v, + 1 7'
i C8 577 i*i
i=1 1

A geometrical 6 of 19.46° corresponded to § = 19.53°, and a geometrical

"6 of 25.09° became 25.13°.
E. Wall Effects
"with a 24-MeV neutrqh is 0.67 cm in toluene, the liquid of the sciﬁtillator.

The diameter of the scintillator is 2.54 cm. Consequently,

i

‘ . The range of a 24-MeV proton recoiling from a head-on'coliision
|

many . of the recoils in the‘detector do not have their full range

|

inside the scintillator, and their observed light output corresponds to
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an energy less than their actual energy.

A Monte-Carlo routine calculated this effect. The program

‘traced the paths of some'Z x 105 neutrons of each incident energy

through the scintillator. All incident neutrons interacted with the
scintillator and appropriately welghted random numbers were chosen
for all scatterlng parameters. 4

Since this wall effect occurs both when the detector is at
0° for an incident flux density measurement and at the scatterihgvangle 9,
the ratio of the effects in both places will give fhe correction to the
differential cross section. At.a bias-of 0.5 EO’ the correction fo the
differential cross section is -2% at 19. 5° and -3.3% at 25.1°.

Wall effects An the @argetrsc1nﬁ111a¢or must’ alsosba ﬁntluded._~
If a neutron is to meet all the electronic requlrements for scattering =
from a proton in the target into the detecting scintillator, it must
produce a detectable recoil proton in the target scintillator. A lower
level discriminafor:threshold was set 6n pulses coming from the target
scintillator.. If a recoil proton is.produced so close to the wall of the

target scintillator that part of its range lies outside the scintillator,

‘this recoil will be lost if the observed pulse height is less than the _

discriminator threshold. This wall effect is simple to calculate be-

cause the geometry involved is well determined. In order for the scattered

neutron to hit the detecting scintillator the scattéring must take place
in or near the horizontal plane and all recoils must go in approximately
. . . »

the same direction, Let the minimum detectable pathlength be €. - The num-.

ber of recoils which are not detected because they occur too close to the

- wall is then proportional to the'non-overlapping area of two circles with
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their centers separated by a distance €. The fraction of recoils

occurring in this area is given by10

- C . 22
£ =1-2cos’! D+ - £z (6)

m T

where r is the scintillator radius, The calculatidn.is exact for any
value of €.

At 19.5°, the minimum detectable reéoil energy was 1.4 MeV.
This corresponds to an € of 0.0046 cm (from Jannilz) and a correction to
the differential cross section of +0.2%. At 25°, the minimum detectable
recoil energylwas 2.25 MeV corresponding to an € of 0.010 an and a cor-

rection to the differential cross section of +0.5%.
5. RESULTS

A. ,Measﬁréd Cross-Sections.

Table II presents the measured differential cross sections at
an average scattering angle of 25.1°(1lab) as a'functiop of Bias energy.
The values quoted are in the lab and uncorrected. Corrections are given
in Section 5B. Thé errérs given in this table are statistical only.
Data sets I-I1II differ iﬁ the tritium pressure of the gas cell used
fbr'the neutron source; The overall average is weighted by the étatis-
tical error of each data set. Lower biaé»levels are excluded because

12C(n,n')Sa reactions enter.

the D(d,n)SHe and

| Figurelsa is a histogram of all the differential cross section
measurements atv25°.l Each square represents-a ﬁeasurgment of the differen-
tial cross secfion within the indicated 2 mb/sr interval. Statistical

errors on each point are about 5%. . The'spread in the data points
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about the average values (indicated»on the histograms by the dashed
lines) was used to obtain standard errors.

Table III presents the measured'differential cross sections at
an average lab scattering angle of 19.S°. The CrQSS'sectionvvalues are
in the lab system and uncorrected, and the errors quoted in this table
are sfatistical only. Data.éets 1-6 differ in the electronics fused and
in the tritium pressure in the neutron source.

Figure 5b is a histogram of the differential cross section
measurements at 19.5° as a function of bias energy. Statistical errors
on each point are approximately 5%. No dietinction'is made between |
data from neutrons scattered to the left and to the right in the lab in

these histograms because'no'statistically significant differences were

found between left and right scatter1ng The dashed lines again in-

dicate the average values, and the spread in the data about this Value

was used to obtain a standard error.

B. Correctiqns to the Cross Section Data
" Table IV presents the corrections to fhe data. The uncertainty

in the differential cross section due to these correctlons is approxi- |
mately 1.5%, .and is principally due to uncertainties in the exponential
attenuation correction §, the multlple scatterlng correction, and un-
certainties in the differential cross section itself which results in
errors in the bias factor fB (see .below).

Table V presents the corrected c.m. cross sections and the
corrected c.m.'angles at which they were observed. The average values

are obtained by averaging data at each bias. Since the data sets are
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correlated, this averaging does not improve the statistical éccuracy.

C. Error Analysis
Table VI lists the errors in the cross section measurement.

The standard error was estimated by taking sums of squares of

- deviations from the mean cross section at each bias energy and dividing

by N(N-1) where N is the number of observations. 16 separate measure-

ments were made of the differential cross section at 25°, 50 at 19.5°.
The error in § was estimated by observing the changes that

occurred in the célculated value of § with extreme variafion of the input

parameters. It includes errors for target exponential attenuation cor-

The error in fB was estimated by assuming that the bias was

known to 1% and calculating the uncertainty in fz as a function of the : :
|
|
|

-scattering angle 6. This gorreéponds to an uncertainty bf-approximately

4 channels in the estimaté‘of the maximum recoil proton energy -in the
direct neutron beam. . | |

The error in'np is the error quoted by Galbraith Labs in their
analysis of the hydrogen and carbon content of the scintillator fluid.

The error in the correction for the finite range of the recoil
protons is the statistical error based on the number of neutron trajec-
tories traced by the Monte-Carlo calculation.

The multlple scattering error is the statistical error based
on the number of neutron trajectories followed by the Monte-Carlo mul- -
tiple scattering program.

The column labeled 'RMS Error' is the RMS sum of all the errors
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quoted in the table except those due to counting statistics. The final

column is the RMS sum of all errofs.
6. CONCLUSIONS

~The cross section measured at 19.5°(1ab) or 39.3°(c.m.) is
31.3:0.5 mb/sr. The cross section calculated from the LRL phase shifts
by Hopkins aﬁd Brelt3 is 31.3 mb/sr. The value they calculate from the
Yale‘pﬁase shifts is 31.0 mb/sr.

The cross sectiqn measured at 25.1°(1aﬁj or 50.5°(c.m;) is'
30.7+0.6 mb/sT. The cross section calculated frqm the LRL phase éhiffs
by Hopkins and Breit is 31.0 mb/sr. The value they calculate from the
Yale phase shifts is 30.7 mb/sr. | |
Figure 6 is a plot of all the available 24 MeV data.®5. All '
measurements were carried out at W15c0n51n using two dlfferent exper1-
mental techn1ques.~ Also plotted on the graph for comparlson are a sym-
metrichammél.curve, and both the LRL and Yale phase shift calculations
from Hopkins and Breit. No attempt has been made here to make an ad-
ditional fit to the data. The data confirm the expected fore-aft
asymmetry and indicate that the Hopkins and Breit predictions are im-

pressively good.
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. FIGURE CAPTIONS
(a) Geometry for 0° flux measurement
(b) Scattering _geometry
(c) Detail of tritium gas cell o
(a) Simplified block diagran of electronics
(b) : Electronlcs used in data collectlon |
| D - rec011 proton- spectra gated by ''real' neutrons @

or 'accidental’ neutrons ®

TAC spectra gated by 'real' neutrons @ or -

'accidental’ neutrons @

(D = fast linear spectrum from target scintillator
gated by TOF and n-y requirements

= n-y spectrum

4'(a) ARec011 proton spectra observed in the 0° neutron beam

(b) Recoil proton spectrum observed at a scattermg angle of 25.1°. The
numbers above'.thez.arrows indicate :b;ases expressed as a'fraction
" of the incident neutron energy. Their valueiincludes. -

the effect of the non-linear response' of the scintillator

: ',(c) Rec011 proton spectrum observed at a scattering angle of 19.5°

Time-of - f11ght spectra for neutrons scattered from the target .

scintillator into the detectmg .scmtlllatqr-. FWHM is approxi-

mately 2 ns. | | | |

(a). Hlstogram of 25.1° data as a functlon of bias energy

(b) Histogram of 19.5° data as a function of bias energy. Each
block represents a differential cross section measurement
within the indicated 2 nb/sr interval

Wisconsin.n-p differential cross' section measurements. Only the

present results-are absolute determinations.



Effect of ‘different angular[distributipns on bias factors .

"TABLE I

Ratio of bias factor§ fB(EO)/fB(El)

Bias
(B/EO) Afor angular distributions
' Isotropic Gammel Hopkins -
E, = 24 MeV, Ey = 21.35 MeV
045 1.113  1.110 1.115
05 1.142 . 1137 1.146
0.85 1.179 1.172 1.186
By = 24 MeV, E; = 19.69 MeV
0.45 ‘1,29 - 1.208 1.217
0.5 1.281 1,265 1.282
0.55 1.366 1.345° 1.372




Laboratory d1fferent1a1 cross sect1ons measured at 25 1°

No correctlons are 1nc1uded in. these values other than

those contalned in the data analy51s program

Data Set’

- 'Bias =

. (mb/st)

- 98.2

98.4
 98.4

98.3




TABLE III".

" Laboratory differential cross sections measured at 19.5°

No;corrections:are inéluded in - these values other than
.-+ .those contained in the data analysis. program

| | Bias=0.45 | Bias = 0.50 Bias = 0.55
. {Data Set’} . . ‘ ' : ‘

' 1 .o Ao o - A |- o Ao

1 @mb/st) (%) (mb/sr) (%) (mb/sr) (%)

1 | 102.8 1.3 | 103.0 = 1.4 | 101.9 - 1.5

2 |32 16 | 1038 1.7 | 1034 1.9

3 102.3 1.3 | 102.2 1.4 | 101.1 1.5

-4 100.1 -~ 1.3 | '100.0 - 1.4 | 98.2 1.6

5 | 1067 1.6 | 1087 1.7 .| 109.0 1.8

6 | 106.0° 1.4 | 105.6 1.5 | 104.7 - 1.6

|Average | 103.3 0.6 | 103.6 0.6 | 102.7 0.7




TABLE IV
Corrections

All corrections are given in percent

- Attenuation

elab Bias

® B/EO 1 2 3 4 5 6 7 8 9 Total
0.45 -1.8 15.7

19.5 0.50 7.7 3.9 -0.1 -0.3 -0.1 5.8 0.5 0.2 -2.0 - 15.5
0.55 -2.3 15.3
0.45 : -2.9 13.3

25.1 0.50 7.6 3.9 -0.1 -0.3 -0.1 3.4 1.3 0.5 -3.3 12.9
0.55 -3.7 12.5

1. Exponential attenuation of the neutron beam by the target scintillator fluid

2. Exponential attenuation of the neutron beam by the container of the target scintillator fluid

3. Exponential attenuation of the neutron beam by air

4. Effect of finite length of neutron source

5. Effect of finite length of target

6. Multiple scattering correction

7. Effect of finite detector thickness -- exponential attenuation of neutron beam in detector

8. Effect of finite range of recoil protons in target

9. Effect of finite range of recoil protons in detector




TABLE V

Summary of cross-section measurements and corrections

elab | Bias 914ab Correction cm Oc m. ec.m
- (B/ Ey) uncorrected (percent) Conversion
mb/sr) : factor (mb/sr)
0.45 103.3 15.7 | 31.4
19.5° 0.50 103.6 15.5 0.262 31.4 39.3°
0.55 102.7 15.3 31.1
0.45 98.3 13.3 S 30.5
25.1° 0.50 99.8 12.9 0.273 30.8 50.5°
0.55 100.3 12.5 30.8

G(39.3°) = 31.3x0.5 mb/sr

0(50.5°) = 30.7+0.6 mb/sr



TABLE VI
Errors

All values are given in percent

G Bias Counting Standard Finite Multiple RMS error Overall

‘ e range of i without

(1ab) _{Q/EO) statistics  error s fa n, recoil scattering o iing error
protons statistics

0.45 0.6 0.7 1.3 1.4 f
19.5° 0.50 0.6 0.7 0.5 0.7 0.4 0.2 0.6 1.3 1.4 |

0.55 0.7 0.7 1.3 1.5 :

0.45 1.0 1.0 1.7 2.0
25.1° 0.50 1.1 1.1 0.6 1.1 0.4 0.3 0.6 1.8 2.1

0.55 1.2 1.1 1.8 2.2
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