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NUCLEAR DATA AND MEASUREMENTS SERIES

The Nuclear Data and Measurements Series presents results of studies
in the fiéld of microscopic nuclear data. The primary objective is
the dissemination of information in the comprehensive form required
for nuclear technology applications. This Series is devoted to: a)
Measured microscopic nuclear parameters, b) Experimental techniques
and facilities employed in data measurements, c) The analysis, cor=-
relation and interpretation of nuclear data, and d) The evaluation

of nuclear data. Contributions to this Series are reviewed to assure
technical competence and, unless otherwise state&, the contents can
be formally referenced. This Series.does not supplant formal journal
publication but it does provide the more extensive information re-
quired for technoldgical applications (e.g., tabulated numerical data)

in a timely manner.
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DETERMINATION OF THE ENERGY SCALE FOR
NEUTRON CROSS SECTION MEASUREMENTS
EMPLOYING A MONOENERGETIC ACCELERATOR

by
J. W. Meadows

Argonne National Laboratory, Argonne, Illinois 60439, U,S.A.

ABSTRACT

Persistent disparities between the energy scales
used for broad spectrum neutron source studies and mono-
energetic neutron source studies has prompted an inves-
tigation of various factors which affect the determina-
tion of an energy scale for monoenergetic accelerators.
Yield curves and neutron energy spectra have begn calcu-
lated for some (p,n) reactions commonly used as neutron
sources or for energy calibration purposes. These cal-~
culations take into account the energy spread of the ‘
incident proton beam and the statistical nature of the
proton energy loss. It is shown that when thresholds
are observed by detecting the O deg. neutron yield the
best results are obtained by plotting the square of the
yield against the proton energy and extrapolating to
zero yield. A linear plot can be in error by 1-2 keV

if the energy spread of the proton beam is large.

This work was performed under the auspices of the U.S.
Energy Research and Development Administration.
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These factors also affect the shape of the neutron energy
spectrum although the average energy shows little change.
A calibration was established for the Argonne Fast Neutron
Generator by locating Li-7(p,n)Be-7 threshold (1880.60 =
0.07 keV) and the B-11(p,n)C-11 threshold (3016.4 * 1.6
keV). This calibration was confirmed and extended by
measuring the location of a carbon resonance (2077 * 2 keV
neutron energy) and by a time-of-flight measurement at
4.466 MeV neutron energy. The energy scale established by

this procedure was consistent within experimental error.



I. INTRODUCTION

The problem of the energy scale in U-238:U-235 fission cross
section ratio measurements received considerable attention at a
recent NEANDC/NEACRP Specialists Meeting on The Fission Cross
Sections of U-233, U-235, U-238 and Pu-239 held June 28-30, 1976
at Argonne National Laboratory. Papers by Behrens et al.,
Cierjacks et al., and Evans et al. showed that the data generated
by broad spectrum neutron sources are now in reasonable agreement
(1). Most of these data, after renormalization, fall within a
band 15-20 keV wide in the energy region below 2 MeV. However,
the results from monoenergetic measurements generally lie at higher
energies. Some ANL results reported at the samebmeeting (1) are
some .20 keV above the mean of the broad spectrum measurements. The
effect of this difference is small. A 20 keV energy shift changes
the calculated U-238:U-235 fission cross section ratio in typical
fast reactor core speétra by 1-2%. Still 20 keV is large compared
to the estimated errors in the energy scales of these measurements.
This state of affairs was disturbing and it suggested that additional
cross checks betweén energy scales of the broad spectrum and monoener=-
getic machines were necessary. The narrow carbon resonance near 2 MeV
is a common reference point for time—of—flight'measurements and the
recommendation was made that a measurement of the location of this
resonance be made at the Argonne Fast Neutron Generator (FNG). After
the completion of this measurement it became clear that additional
aspects of the experimental determination of the energy calibration

for monoenergetic accelerators were in need of a closer look and that
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the location of the carbon resonance offered a starting point for a
study of the consistency of the energy calibration of the FNG. This
included scrutiny of techniques involved in locating (p,n) thresholds
and the effects of the distribution of proton energy losses in
lithium targets on neutron energy resolution.

This report presents the results of this investigation and, in
the process, describes some procedures which can be used to improve

the energy calibration for a monoenergetic accelerator.

1II. (p,n) YIELDS NEAR THRESHOLD

Energy calibration by locating the thresholds of (p,n) re-
actions is a common practice at moﬁoenergetic facilities includ-
ing the FNG. When these accelerators are used as neutron sources
the energy resolution is usually several keV or more due to the
target thickness. Consequently, extremely accurate energy'values
(< 1 keV) are rarely required and quite casual threshold measure-
ments are usually adequate. However, under some conditions,
errors up to several keV are possible and whenever accuracies of
better than 2 keV are required some problems arise.

Threshold location is a long standing problem and there is a
considerable literature coﬁcerning it as well as the associated
problem of locating (p,Y) resonances. References 2 thru 9 give a
representative, but by no means exhaustive, survey. In the ideal
approach to the problem yield curves for the reaction are calcu-
lated including such effects as beam energy spread, target condi-
tions, fluctuations in energy loss and detector efficiency. The

threshold is then adjusted to fit the calculated yield to the
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experimental yield.

The above procedure is capable of very good accuracy, far
better than the requirements of neutron sources, but it is com-
plicated, time consuming and requires a knowledge of some factors
that are often not too.well known (e.g. beam energy spread). A
more common approach is to plot some simple function of the
neutron yield against proton energy and extrapolate to zero yield.
Usually the total yield in measured and the threshold is located
by extrapolating a plot of (yield)3/2 (5,9). When the accelerator
is used as a neutron source the 0 deg. neutron yield is usually
measured to determine the target thickness. Thus 1t is convenient
to also determine the threshold with the same detector and it is
shown in Section II.B. that a plot of (yieid)2 can be extrapolated
linearly. In order to test this procedure, yield curves have been
calculated for various experimental conditions and are compared to

measured ones.

IT.A. The Yield Equation

The neutron yield, Y, for a proton beam of average energy Eb
striking a target thickness t is

t ©

Y(Eb,t)=N Io dx dEi ( dEpO(Ep) P (Eb’Ei) W (Ep’Ei’x) 1)
th Ep

where N is the number of atoms/cm3, c(Ep) is the cross section for
the (p,n) reaction at proton energy Ep’ P(Eb’Ei) is the probability
that a proton beam with average energy Eb will have a proton with

energy Ei’ W(Ep,Ei,x) is the probability that a proton with initial
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energy Ei will have energy Ep after penetrating distance Xx.

11.A.I. The Reaction Cross Section

At energies just above the reaction threshold, Eth’ the emitted
particles are s-wave neutrons and, in the absence of nearby reso-
nances, the cross section will be proportional to the center of mass
neutron velocity. Thus the total (p,n) cross section has the

energy dependence

e

o(Ep) a (Ep—Eth) (2)

Equation (2) is adequate for the B-11(p,n) and the C-13(p,n) reac-
tions but not for the Li-7(p,n) since there is a nearby resonance.
Newson et al. (2) have shown that the 1i-7 cross section is repre-
sented very well by 2- resonance near threshold plus a 3+ resonance
at 2.25 MeV. However the 3+ resonance contributes very little near
threshold so it can be assumed that only s-wave neutrons are emitted.
The energy dependence of the cross section for the first 30-40 keV

is given by
YE -E

o(E) o p_th - (3)
P (1 + 4.38 /E_I;-T‘I—;)

Target yields are usually measured with a detector at 0 deg. and
in good geometry. Since these are s-wave neutrons the differential

cross section in the laboratory system is given by
= 4
c(Ep,OO) o(Ep) J (y, cos0®) (4)

where J(y, cos0) is the usual transformation from the center of

mass to the laboratory system and

EO\
y = mlm3 » ‘p
mzmA Ep—Eth

(5)




II.A.2. Beam Energy Distribution

The energy spread of the incident beam is usually controlled
by some type of spectrometer. At the FNG this spectrometer 1is a
90 deg. double focusing magnet with a 66 cm radius of curvature (R)
and with slits located at the focal points. These points are 2R
from the entrance and exit pole faces. The displacement due to

energy change is

D = 99 dE/E cm. (6)
At the Li-7(p,n) threshold 1 keV is equivalent to 0.052 cm. When
the pulsed and bunched beam is used the slit opening may be as wide
as 0.5 cm which corresponds to 9.5 keV at the Li-7(p,n) threshold.
In the extreme case energy spreads of 15-20 keV are possible since
both slits are usually set to the same opening.

Of course such an extreme is never approached in practice.
The beam spot has a finite size plus a considerable halo. Other
restrictions in the beam transport system ensure that it passes
through the center of the entrance slits parallel to the spectrometer
axis and the energy control system keeps it centered in the image
slits. Even with wider slit settings the energy resolution is
maintained at < 2 keV. When the klystron buncher is operating an
additional spread is introduced and with 0.5 cm slit settings a
total energy spread of v 10 keV is observed. By reducing the
slit openings the energy spread can be reduéed to any desired
value with a corresponding loss in beam current.

For the calculations in this report the energy spread was
assumed to be Gaussian with the total width restricted to 4 s.

P(Eb,Ei)
P(Eb,Ei)

2 2
A exp[-(E_-E.)"/257)]
b 7i 7

[

0 lEb—Ei|>25
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I1.A.3. Energy Loss Distribution

It is usually assumed that the energy loss by a charged
particle passing through an absorber depends only on the thick-
ness of the absorber. However energy is lost in discrete amounts
through particle-electron collision and there are statistical
fluctuations. For thin absorbers these fluctuations may be of
the same magnitude as the average energy loss.

A general solution of this problem has been given by Symon
(9). In a strict sense his results are not applicable to this
situation because of some of the assumptions made to obtain
numerical results (e.g. a particle velocity high compared to the
electron orbital velocity and the ignoring of distant collisions)
but it is available and at least one other investigator has found
it to be adequate (4). Symon's results are found in an unpublished
Ph.D thesis. The material used in these calculations was taken
from a summary by Rossi (10).

The parameters of Symon's distribution are functions of a
guantity, G, which is the ratio of an energy term that is related
to the width of the distribution and of the maximum energy that
can be transferred to a stationary free electron in a single col-
lision. If numbers are put in for protons and lithium and if
V2/C2<<1

G = 14300 x/Ep2
where x is the depth of penetration in grams/cmzand Ep is the
proton energy in MeV. (A 10 keV target is ~ 1.5 x 10—4

prams/cmz.) Tf G< 0.1 the distribution will have a long tail
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and an average energy significantly less than the most probable
energy. If G>1.0 the distribution function approaches a Gaussian.

IT.B. Basic Yield Curve Characteristics

The behavior of the yield curve near threshold can be shown
by assuming that the energy spread of the incident beam is zero
and that the energy loss depends only on the depth of penetration.

The zero degree cross section is

9(E,,0) = 0 (E) (1+)) 8)
where y is given by Eq. (5). For light nuclei and near threshold
y2>>l SO

1+ y2= 2 (9

Consequently the total (p,n) cross section, Eq. (2), combined

with Eq. (9) gives

o "';5 ,
c(Ep,O ) «a (Ep-Eth) | | (10)

and the neutron yield becomes

X
Y(Eb,g) a fo (Eb-Eth-(dE/dx)x)-%dx (11)
1/2
= (Eb—Eth) for (Eb—Eth)<(dE/dx)t

(Eb_Eth)% - (Eb—Eth— (dE/dX)t);i
for (Eb—Eth)>(dE/dx)t

Obviously, in regions where the approximations are good, a
plot of the square of the yield vs. Eb should extrapolate to Eth'
The quantity we measure is magnetic field. TIf (Eb—Eth)<< Eth’ a
plot of Y2 vs. H will show a similar behavior and extrapolate to

the field strength, ch, which corresponds to Et A measurement

he
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of Y vs. Eb also determines the deposit thickness since the yield
reaches a maximum at Eb—Eth = (dE/dx)t. The cross section for Li-7

is given by Eq. (3) and the yield becomes

1
2

Y(Eb,x) a 1ln(l + 8.76 (Eb-—Eth) ). (12)

In this case a plot of the square of the yield will not be
linear although it will come closer than a plot of just the yield.
However, the extrapolation may be somewhat subjective.

IT.C. Calculated Yield Curves

A number of yield curves were calculated using the reaction
cross section energy dependence of Eq. (2) for B-11 and Eq. (3) for
Li-7. The neutron detector was assumed to have a flat response and
an acceptance angle of 3 deg. Symon's energy loss distribution and
the beam energy resolution function given by Eq. (7) were used.
Yields were obtainéd by a Monte Carlo evaluation of Eq. (1) to an
accuracy of about AZ.

Some typical results are shown in Figs. 1 thru 4, -For thick
B-11 targets the Y2 plots are linear starting about 2s above thresh-
0ld and extrapolate to a point slightly below the threshold. A
similar behavior was noted by Bondelid and Whiting (5) in plots of

(total Yield)3/2

. This érror is 0.1 to 0.2 keV and when very ac~
curate thrgsholds are required'a correction can be calculatea. The
Y2 plots have a linear region only if the target is thick compared

to the beam energy spread so accurate measurements should only be
attempted with relatively thick targets. The Y plots may appear to .

be linear for a short interval but they extrapolate to a lower

vuergy that depends on the beam energy spread. The difference is
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quite small for very small beam energy spreads but increases as
the spread becomes larger. Although the plots for Li-7 are not
linear it is still possible to obtain fairly unambiguous inter-
cepts for both Y and Y2 that behave about the same as the B-11
intercepts.

II.D. Measured Yield Curves

A number of Li-7 and B-11 targets were prepared by evaporating
elemental lithium and boron onto smooth tantalum target cups.
Neutrons were detected by a long counter placed 1.8 meters from
the target and at zero degrees with respect to the direction of
the incident proton beam. Counts per unit integrated beam cur-
rent were measured as a function of the magnetic field of the
analyzing magnet.

A number of yield curves were measured over a period of
several weeks and thresholds were determined from Y and Y2 plots.
Many of these measurements were made with 0.5 cm slit oﬁenings
and at this sétting the uncertainty in locating the Y2 intercept
was about 0,6 keV. The Y2 intercept was typically ~ 1 keV
higher than the Y.

Figures 5 and 6 show some results for lithium. These were
selected because measurements with the buncher on or the buncher
off were available for the same target with no other changes in
the accelerétor parameters. The Y2 thresholds are the same in
both cases while the Y threshold is lower in Fig. 6 where the
energy spread is larger. This is in qualitative agreement with the

calculated curves in Figs. 3 and 4.
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III. NEUTRON ENERGY SPECTRA FROM LITHIUM TARGETS

Some idea of the shape of the neutron spectrum can be obtained
by making measurements over a resonance where width is less than
that of the spectrum. Measurements over the narrow carbon reso-
nance near 2 MeV (see Section IV) indicated that the spectrum had
a small tail. The following study was carried out to see if this
was likely to have a significant effect on the energy scale.

In the very simple case of a flat (p,n) cross section,
isotropic angular distribution and a proton energy loss in the
targét that depends only on the depth of penetration the resulting

neutron energy spectrum will be a trapezoid. The width is

AEtot = AE(© max)+ AE(t) (13)

where emax is the maximum angle subtended by the detector and t

is the target thickness. The average energy is

_ 1
Eav - Emax 2 AEtot. ) (14)

Including the angular distribution and energy dependence of the
cross section will modify this but changes are usually small for
thin targéts'and for emax < 20 deg. Including the energy resolu-
tion of the proton beam only rounds off the corners. The condi-
tion of the lithium deposit can affect the spectrum shape. A non
uniform deposit caused by a rough surface on the support plate or
to excessive beam current and insufficient cooling will distort

the spectrum. However, suitable experimental procedures can reduce
these effects.,

A factor that cannot be reduced is the tailing due to the
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distribution of proton energy losses in the target as discussed in
Section II.A.3. 1In order to investigate the size of this effect
neutron energy spectra have been calculated for several target
thicknesses including the angular dependence of the neutron yield,
the energy spread of the incident beam and the energy loss distri-
bution.

The results are shown in Figs. 6 through 8 and some signifi-
cant quantities are listed in Table I. When G and emax are small
the spectra have significant tails, When.G and emax are larger
the spectra approach the trapezoidal shape. An intermediate case '
shown in Fig. 7 is particularly interesting. The deposit thick-~
ness corresponds to about 17 keV and the spectra show decided
tails. The size is about that suggested by transmission measure-
ments over the 2 MeV carbon resonance. However columm 6 and 7 in
Table I show negligible differences 1in the average energy calcu-
lated from the spectra (ES) and the average calculated from Eq.

(14).

IV. THE CARBON RESONANCE
The position of the carbon resonance was obtained from a
transmission measurement performed in open geometry. Neutrons
were produced by the Li~-7(p,n)Be~7 reaction as described in
Section II.D. and were detected by a long counter placed at 0 deg.
For most measurements the source to detector distance was 1.8
Meters but for the thinnest target the distance was reduced to

1.3 meters in order to increase the count rate. A carbon disk
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(3.36 g/cmz) was placed midway between the source and detector.

Its 10 cm dia. made it just large enough to shadow the active

face of the detector. The transmission was measured over the
resonance in 1 keV steps and the peak position was obtained from an
inspection of the transmission curve. The peak energy Er’ was

given by

1
E = - =
r EH 2 AEtot
where E . was the neutron energy corresponding to the magnetic

H

field at the resonance peak and AEt was defined by Eq. (13).

ot
The accelerator was calibrated by locating the Li-7(p,n)Be-7
threshold at 1880.60 * .07 keV (8) and the B-11(p,n)C-11 thresh-
old at 3016.4 * 1.6 keV (11). The target thickness was obtained
from the difference of the lithium threshold and the peak of the
zero degree yield curve (Eq.(11)).

These measurements were made at convenient times over a
period of about two weeks and with several target thicknesses.
The calibration was repeated before each measurement. Throughout
this experiment the accelerator conditions, slit settings and
calibration procedures were as similar to those used for the
U-238:U-235 fission cross section ratios as was practical. The
results for the different targets were consistent within the errors
of the experiment and the average value of 2079.8 * 2.9 keV agreed
with the 2077 * 2 given in BNL325 (12) and with the 2079 * 3 found
by Heaton et al. (13). When the thresholds were located by plotting
the square of the vield the average value of Er was 2078.2 *+ 2.8.
These results for the individual measurements are listed in Table

II. The average was 1.6 keV below that obtained by the first cali-

bration procedure but still in very good agreement with other values.
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There were several sources of error. Uncertainties in the
thresholds of the calibration reactions contributed 2.3 keV at the
resonance energy., The estimated error in locating the thresholds
added an additional 1.8 keV. The error in locating the resonance
Peak was quite small for the thinnest target but was estimated

to be 4 keV for the 31 keV target,

V. THE TIME-OF-FLIGHT MEASUREMENT

The magnet calibration was checked at 4,46 MeV proton energy
by measuring the time-of-flight of neutrons from the Li-7(p,n)Be-7
reaction over a flight path with an effective length of 1149.9 + .9
c¢m. The measurement was made at 10 deg. to the proton beam direc-
tion. The 0 deg. line would have béen preferable but that passed
through a steel girder about 7 meters from the source. The neutron
defector was a plastic scintillator 5 cm in diameter and 0.5 cm
thick. The FNG was adjusted to deliver a pulsed and
bunched beam to the target with a time resolution of < 2 nanosec.
The beam pulser supplied the time base. It had a frequency of
1999041 * 4 Hz. The detector suppligd the start pulse to 3 time-
to-amplitude converter (TAC). The stop pulse came from a pickup
in the beam line about 2 meters before the target. The output of
the TAC was amplified and sent to a 1024 channel analyser. The

gains were adjusted to give v 0,51 nanosec/channel .

neutron source, The distance was measured carefully and a time
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spectrum was recorded. The detector was then moved v 1 meter further
away and the measurement repeated. This process was continued

until the distance was ~ 16 meters. At " 8 meters the time between
the stop and start signals became greater than the pulser period so
the stop signal was supplied by the following beam pulse. Thus a
plot of the channel number corresponding to the leading edge of the
neutron pulse vs. distance gave two parallel lines. Linear fits to

the data points gave

D1 = 741.87 + 0.24 - (1.1389 % 0.0007)C
D2 = 1890.08 + 1.02 - (1.1348 * .0017)C
where D1 and D2 are the distance in cm and C is the analyzer

channel number. The uncertainties in the coefficients are stand-
ard deviations based on the scatter of the data. The distribution
of the data was such that the minimum error in D2 - D1 occurred
when C=400. The slopes of the two lines should be equal. However,
they differ by a little over two standard deviations so the error
has been doubled to give

D, - D, = 1149.9% 0.9 cm.

The corresponding energies are

+

E
n

E
P

The proton energy determined from the analyzing magnet calibration

2.7739 + 0.0046 MeV

+

4.4624 + 0.0046 MeV.

was
Ep = 4,466 * 0.004 MeV.
VI. CONCLUSIONS

A study of the shape of the 0 deg. vield curve for (p,n) re-
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actions shows that fairly accurate thresholds can be obtained by
plotting (yield)2 VS. energy and extrapolating to zero. A plot of
the yield vs, energy gives thresholds that may be low by as much
as 2 keV. Calculation of neutron spectra show that the depar-
ture from the idealized trapezoidal shape due to the fluctua-
tion of proton energy losses in the target deposit is large
enough to affect the observed shape of narrow resonances but
the effect on the energy of the resonance peak 1s small.

A measurement of the carbon resonance near 2 MeV produced

no evidence for any systematic error in the energy scale,

boron (p,n) thresholds or as a four point calibration measure-
ment in the proton energy range 1.88 to 4.5 Mev. The rather sim-
Ple process of locating the (p,n) thresholds is sufficient to re-

confirm the calibration.
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TABLE I
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AE
t ' a
mg/cm Threshold 3.5 MeV Ao AEn © Es Eav ¢
(keV) (keV) (keV) MeV MeV
2x107° 2.36 1.27 0.26 11.6 1.8102 1.8098  .0233
0.5 1.8160 1.8153
1x10™% 13.8 7.8 1.32 11.6 1.8077 1.8065 .117
0.5 1.8129 1.8121
2x10™4 29.4 16.5 2.55 11.6 1.8028 1.8020 234
0.5 1.8079 1.8076
4x10”% 60.2 35.2 4.45 11.6 1.7934 1.7928 .47
0.5 1.7984 1.7984
1x1073 152.5 90.6 7.83 11.6 1.7651 1.7651 1.168
0.5 1.7707 1.7706
A (10°) = 11.6 kev
AE_(1°) = 0.5 key



TABLE 1I

Target Thickness AEth Er
(keV) (keV) (keV)

7.4 5.4 2079.2 + 3,2

7.0 5.0 2078.6 * 3.2

2.0 2.8 2075.6 = 2.7

15,2 9.9 2078.4 * 3.9

31.0 18.6 2079,2 * 4.7

Average 2078.2 *+ 2.8
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FIGURE CAPTIONS

Fig. 1. The calculated yielq curve for the B-11(p,n) reaction
8 = 0.5 kev
(ANL Neg. No. 116-76-394)

Fig. 2. The calculated yield curve for the B-11(p,n) reactioh.
8 = 2.0 keV

(ANL Neg. No, 116-76—397)

Fig. 3. The calculated vield curve for the Li

S = 0,5 keVv

(ANL Neg. No. 116-76-395)

Fig. 4. The calculated yield curve for the Li-7(p,n) reaction,

8§ = 2.0 kev

(ANL Neg. No. 116-76-396)
Fig. 5. The Measured yield curve for the Li-7(p,n) Treaction with

the buncher off, g1 kevV,

(ANL Neg, No. 116~76-401)
Fig. 6. The Mmeasured yield curve for the Li-7(p,n) reaction with

the buncher on. s v 2 kev

(ANL Neg. No. 116-76-393)

Fig. 7. The neutron energy Spectrum for a 2,4 kev lithium target,
(ANL Neg. No. 116-76-398)

Fig. 8 The neutron energy spectrum for g 29.4 kev lithium target
(ANL Neg. No 116-76-400)

Fig. 9

(ANL Neg. No. 116-76-399)

-23-

=~7(p,n) reaction, .



%Z°34

YIELD

1.0 '

0.8 -

0.6 -

0.4

0.2 1

B-11(P, N)
S = 0.5 KEV

0.0 ]
3.010

T TTr 1115171 17T 11 |

3. 015 3. 020 3. 025
PROTON ENERGY IN MEV

1°314



6z 34

YIELD

1.5 -

1.0 -

0.5

B-11((P. N
S = 2.0 KtV

Y2/2

T T T T T T T 1
3.015 3. 020 3. 025

PRPATNAN ENERCY TN MOV

I

3. 030

7°813



97°34d

YIELD

LI-7 (P, N)
S = 0.5 KEV

U D D DR D D R D B B N B B

1. 880 1. 885 1. 890
PROTON ENERGY IN MEV

€314



LZ°3g

YIELD

¢
|

T T T T T T T T
1. 880 1. 885 1. 890
PROTDN FNFRPCY Tat sy

v°314



YAR:L

YIELD

8 -

e

LI-7(P,N) EXP. / /
BUNCHER ON ) O /!

o "'l x’:

O X 'll
0 L_—-94g2*94¥ T ] T T

2666

2670 2674 2678
MAGNETIC FIELD IN GAUSS

2682

G814



6C°84

YIELD

LI-7¢P. Ny Exp. ! i
BUNCHER OFF

'
’
’ ’
] ’
' ’
o ’
] ’
’
r X
] [}
] ’
] )
' ’

R . . u
2670 2674 2678

MAGNETIC FIELD IN GAUSS

2682

9°81g



0¢84

YIELD

NEUTRON ENERGY IN MEV

LI’7(P’ N)
] E = 3.5 MEV -
T = 0.02 MG/SQ CM
S = 0.5 KEV
5 _
. o
1 - -
10°
0 T T T 1T 1T 1T 7 T T T 7 7 T 7T1 T
1. 800 1. 805 1. 810 1. 815

314



1€°84d

YIELD

IL{ | | L1 ] { | | | L { 1 | | i | | |

L1-7 (P, N . i
124 E = 3.5 MgV 1 -

1 T =0.2MG/50 CM

S = 0.5 KEV 11 r
10 - a e .
g - _s 3 i
6 - 100 g"' : _: B
4 - -
2 - L -1 F
0 T ’l_-rl_jl_-’]—l T T T T T T T T

1.78 1.79 1. 80 1. 81 1.82

NEUTRON ENERGY IN MEV

8°81g



YIELD

2€° 34

~J
O LA

P. N

.S MEV

.0 MG/SQ CM
.S KEV

1
i

L
E
T
S

1. 66 1.7 1. 74 1. 78 1. 82
NEUTRON ENERGY IN MEV

6°3T14d




