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Chapter I
INTRODUCTION

Since the dlscovery of the neutron by Chaduick(l) in 1932,
there has been a rather large amount of interest, both theoreti-
cal and experimental, in the lntgraction betwéen neutrons and
atomic nuclei. In the 1930'8 considerable theoretical progress
was made by Bohr,(a) Breit and‘uigner,(3) and others. These
theories predicted the occurrence of resonances and much a:ﬁeri—
mental work has been done in the measurement of these reSbnahces*
Neutron energy determinations and resolution have increased
" greatly since the experiments of Ferml et al(u) and Dunning and 
Pagran(s) in the 1930's, Such teéhniques as the use of reactors
in conjunction with neutron velocity selectors and neutron corys-
tal spectroscopy have been developed. Such methods are sultable
for measurements in the eiectron volt region and have been re-
fined to a high degreo./ Of particular interest with reference

to this report has been the development of nearly monoenergetic
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nentron sources through the utilization of charged particle re-
actions which produce neutrons, One very successful combination
is the use dr a Van de Graaff to accelerate protons which impinge
upon & lithium target and then produce neutrons from the}endo-
ergic Li(p,n) reaction, The development of = neutron spectro=-
meter which is capable of high resclution measurements is reported
in this thesis, Some measurements are presented which hate‘been
made with the instrument using the Li(p,n)Be reaction as a neu-
tron source, The spectrometer has resolved some previously une-
reported resonances and has measured others with & higher degree
of resolution than hasvboen.obtalned before, High resolving
power enables'one to determine the parameters of a resonance
-orn_accurabely and elso to resolve resonances which previously
appeared to be overlapping.

81209 yasg selected as the nucleus to be investigated with
the new spectrometer in the region from 10 to 135 kev, Although
the level spacing inoreases with atomic number in general asnd is
80 small that the resonances are actually overlapping for most
heavy nuclel in this energy range, bismuth which has a ':gzggf 7:
neutrons and neearly a "magic" number of protons exhibits an une
ususlly laerge level spacing as do other nuclei with nagie,or}
near maglc numbers of S ——— protons, The levels in bismuth
are quite nerrow and are therefore an interesting subject for
high resolution investigation, L

Let us look briefly at the Breit-wigner(s) single level
rorhula which describes isolated resonences, We shall consider

only the case for s-wave neutrons becsuse all the resonances



observed in thils experiment appear to have the characteristic
interference dip of such rescnances, A brief derivation is in-

cluded in Appendix A, The final result 1= as follows:

%8¢ = 81"12 | Ares * Apotia + Q- 31)"i2l’ﬂpotla

where g is the statistical weight factor for the resonant chan=-
nel, X is the incident neutron de Broglie wavelength, and A, .
and Apot are complex resonance and potential scattering ampli-
tudes. This expression exhiblis a minimum value for an energy
slightly less than resonance, and & maximum at an energy slightly
greater than resonance, The valué of the cross seotion also de-
oreasés less rapidly from its maximum value when the energy 1s
increasing than when it 1= dccreasing. In essence one compares
] the experimentally determined cross section with the theoretical
cross section, both with regard to shape snd peak height., In
the laboratory a count is made for & given neutron flux first with
the detector shadowed by & sample of the element under\investi—
gation, and secondly with the detector unshadowed. This measure-
nent is performed as a function of neutron energy. The experi-
mentally determined apparent total cross section ie rélatcd to
ﬁbe transmigsion retio, T, by the exponential expressioen,
T = exp(-No) wheic N is the sample thickness, Thls cross section
is in genersl subject to correction; the true cross section is

usually larger,



Chapter II
DESCRIPTION OF EQUIPMENT

The proton beam (see Figure 1) from the Van de Graaff
electrostatic accelerator is passed through a megnetic analyzer
and then into & modified cylindrical electrostatic analyzar(7)
before it goes into the neutron spectrometer, The modifica-
tlon(s) of the electrostatic anaiyzer is discussed later. The
bean'passes through a one inch stainless steel tube which runs
directly through the instrument and impinges upon & lithlum tar-
get evaporated onto a .001 inch tantalum backing. The spectro-
meter itself (see Figure 2) consists of three polyethylene cbnon
which are all coaxial with the beam tube. The cones focus upon
the Li target and define & collimator for the neutrons which are
emitted at laboratory sngles of between 160° and 160° + A8 where
A8 is the angular opening., The first cone (Cone A, Pigure 2)
has a female inner odniéal surrgce and has é cubic outer config-

uration, This cone 1s stationary. The second truncated cone
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g
{Cone B, Figure 2) has a male outer conical surface snd & cylin-
drical inner surface and may be moved back and forth along a cast
iron cylinder by turning rods which are threaded into the liner
of the male cone and which are mounted on the statiomary front
plate on the first cone, Thus, the cone may be moved in suohva
manner as to open or close the acceptance anglp for the neutrons
to any size desired between 0% and 2°, (4in opening of 4° is
actually possible but has not been used in these prerinents.)
This conical geometry is used because the neutron enérgy is a func-
tion only of the latitudinal angle and not the azimuthal nngle.
Suech an arrangement coupled with the adjustable opening yialdg
adventages in both intensity and resolving power which wlll be
discussed later., The iron cylinder surrounds and 1s coaxial with
the peam-tube carrying the protons to the Li target. This cen-
ter cylinder is an integral part of the cast iron box whiech nolds
the outer cone in position snd maintains the coaxial alignment
of the 1nstrument.' The cylinder does not extend all the way to
the front of the female conlcal surface of the first cone, and
‘& third polyethylene cone or plug (Come C, Figure 2} 1is placed
rlgidly in the end of this cylinder and mainteins the fixed max-
imum opening of 1° in this front section of the speatronetar.
Thus the opening is variabie between 0° =nd 1° along uoét of the
collimating surface and is fixed at 1° only in the o The
target chamber 1s mounted at the end of the beam tube in such a
position that the lithlum target 1ls just 1n§1de the focus of the
conical opening, The cast iron box with the ecylindrical center
which hélds all three cones in plece is supported by a cas? 1r6n
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table encased in a steel water tank for shielding purposes (see
Pigure 3). This entire assembly is mounted upon jacks which |
rest upon a steel plate and may be moved by the use of lead
screws in such a memner as to facilitste allgning the axis of
the instrument with the proton beam, This entire unit is sur-
rounded by a large water tank of an inverted °*U" ahaba for nhleld-
ing purposes {(see Figure 4), The connter matrix detocta tho nou-
trons coming through the apertures which have boen set to yield
the deslired amgular opening. The counter uatrtxkoonsists of an
essembly of polyethylens strips and sheets which d§fine speces
into which boron trifluoride counters have been 1nsdrt¢d verti-
cally, The countérs‘aré placad‘alternaiely between 1 inch
| square vertical poiyethylcno striﬁs. Each such ldycr 10 sepa-
rated from the succeeding one by a solid 1 1noh thick polyethy-ﬁ
lene sheet. There are no oountcrs within 6 inches of cithor side
of the beam tube so that the neutrons entering elther the left |
or the right side of the spoctronetﬁr will be counted separately
with a negligible count or\*croas;over‘ néutrans. Coniecal
openings corresponding to the uaxiuuntka used are cut through
the cast iron supporting box back to the nid-point of the enuntdr
matrix to facilitate efficient counting of the neutrons, All ot‘\f
-,the counters in the left bank are connected in parallel and tho N
“output goes through & pre—anplifier, linear anpllriar, ulae

'helght discrlmlnator and into & scalar-printing recorder eolhi-
nation, The clrcuitry for the right bank 1s identical, The co-
['untlng efficlency for the banks has been ostimated at twenty per
cent, The 1nstrument is completed by the addition of =2 very Iarge



74

pectrometer

o
)

The Uusﬁieldedv 1

e 3.

Lgur

&=

g






2
water tank, the front of which rests ageainst the back of the |
counter matrix, and the sides of which join and lap over the
large inverted "U"-shaped tank, and by the addition of shislding
above the top of the counter matrix so that it will detect a}lln-
imum number of neutrons scattered from the celling and other
parts of the laboratory (see Figure 5), The whole instrument is
carefully oonstructed to 1nc1ude'stepﬂ between adjoiniﬁg parts 80
that the neutrons havo no direct path through the auall Bpaaea
between the various conponents of the structure, .

Before the speetroneter was dnntgnsd an axperiuent wan per-
forged to messure the shielding effect of water as a functxnn,of
neutron emergy. The shielding for the séootrohetar was IhﬁQJ‘
thick qnéugh 8o that the number of neutrons resching the detectors
. through the shielding would be negligible up to about 500 kev,

The target chamber (see Figure 2) consists of a brass ex-
terior, a combination liquid air and activated char§031 trap, an
internal 1ithium evaporator, and a rotating disk to which a bar-
get shutter is attached, In addition, there are qﬁartz obaerian
tion windown, tantalum beam collinating alaks, and a quartz tar-

_ get for vlsual heam allignment, The evaporgtor is composed of a8
conical tantalun crucible which 1s electricslly heated by &n ox-
ternal high current, low voltage source. The cone is filled with
lithium and simed at the tentalum target backing, The fromt
plate, on which the target is mounted, is insulated from the rest’
of the terget chamber by a lucite ring so that a correcting vol-
tage up to 10 kv may be applied (see Chspter III), In order to

maintain a high vacuum, neoprene gaskets and other materials




Assembly of Major Spectrometer Components
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which might outgas have been held to & minimum and metal-to-
metal seals with indium and lead "O" rings have been used wher-
ever possible, The windows in the back plate through which the
neutrons pass intc the angular openings in the spectrometer are
of «005 inch silver, Care was taken in the design to reduce
backscatter into the counters from scattering materials in the
target chamber to a minimum, Two remote-controlled sample mounts
were constructed to swing the half-circular samples alternately
into the path of neutrone entering the left and right banks of
counters, This permitted a convenient measurement of two dif-

ferent sample thicknesses at the same neutron energy.



Chepter IIIX
DESIGN CONSIDERATIONS

Let us discuss some of the problems which were considered
in the design of the instrument previously described, 5nd hdn
these problems were treated, |

- In order to obtain high reseclving power, one must reduce
all of the ractoés contributing to the spread, or smear, in the
neutron energy distribution to & minimum, However, the intensity
of the neutron flux actually reaching the neutron detectors, or
counters, must be kept at a high enough level to make possible a
reasonable speed in making the weasurements,

The factors contributing to a finite width of the neutron
energy dlstribution are the initlal width of the proton distri-
butlion from the cylindrical electrostatic analyzer,(7) the thick-
ness of the lithium target used to produce nmeutrons from the
Li(p,n)Be re&ction, the width of the angular latitudinal opening

in the spectrometer which admlite neutroms to the counters, the
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finite slze of the beam spot, and finally the 1nhonogenie£y in-
troduced by the Doppler_notion of the lithlum atoms in the lithe
lum target. We shall now consider each component of the final
spread separately.

The width of the proton dlstrlbution,z&Ep, has been reduced
from that used in previous neutron total cross section measure-
ments made in this laboratory. This has been accomplished by a
-modification(s) of ﬁhe eylindrical electrostatic analyzer<7)
which not only increases the resolving poweé, but in additlan im-

proves tho'euerging proton intensity. This modification, referred

to as the homogenizer, largely compensates for time variations
of‘the energy of the proton beam coming from the Van de Graaff
and the analyzing magnet. In this arrangement the entire con-
stant negative deflecting voltaege 1s applied to the inner plate
of the cylindrical analyzer and a small correction voltage, ﬁ,:
which compensates'for the time varlatlons 1s lmpressed on the
outer plate, The error signel for this compensating ioltage is
obtained from insulated exit =lits eon the analyzer. The effect
1s to make a larger portion of the beam emerge since the time
required for the protons to pass through the analyzer is short,
and the compensating voltage ls applied repidly, The remaining
problem is to compensate for the departure of the energy of the
~emerging proton beam from the energy corresponding to the polen-
tlal difference between the inner plete and ground. This is
done by lmposing & voltege upon the insulsted lithium target
which is the proper mulﬁiple of the compensating voltage Lo can-
cel the energy shift permitted by that compensating voltage. In
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practice a potentiometer is connected between the scurce of the
target voltage and ground, and the appropriate fraction is fed
back to the outer plate of the anslyzer. The homogenlizer power
supply cannot actually produce 2 negative voltage, so the plato
and target voltages are impressed upon a positive blas of_several
kilovolts, The result is a proton beam of better resolution and
| higher intensity, In principle, one can obtain either very gbod
intensity or very good resolution with the analyzer alone:by
opening or closing the slits, but not such & faveorable combina-
tion of both., The spread caused by inhomogeniety of the proton
beam is roduoed by the homogenizer to such an extent that 1¢ is
effectively negligible,

The lithium target must be of great énough thickness to pro-
vide sufficient neutron intensity, but alsc as thin as posaiblo
80 that the protons will not be slowed down too much as they pass
‘ through the target and introduce a large spread in the neutron
distribution. A neutron produced &t the face of the targat‘will
have a greafer energy than one produced near the back of the tar-
get where the proton has been slowed down sonoﬁh;t by ionization.
Let us define the neutron spread in the final'distributlon cau§ed o
by finite target thickness alone as AL = (DEN/aEp)AS whereAS 18
the thickness of the target in proton stopping power, If the
lithium target is exposed to the atmoéphero between the time of
7 evaporation and proton bombardment, the 11th1un oxidizes very
V%L rapidly and increases the stopping power of the target layer,
Such target oxidization is greatly reduced by evaﬁorating the

lithium within the target qhaaber where a good vacuum is always
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maintained. ‘

The energy of the neutrons from the Li(p,n)Be reaction is
a function of the latitudinal angle 6 measured from the 1n0;dent
proton direction in the lab system, A finite opening, A8, into
the counters 1s mandatory to obtaln s useable neutron intensity,
but we wish to keep the opening as small as possible because
AEy increases with the angular opening A8.

Now an angle 8 of less than 7/2 i1s not desirable beoaﬁse in
this case we have two neutron groups for Ey<118 kv. A back
angle is the obvious cholce, and since JEy/d0 decreases with in-

creasing 0, and vanishes at 8 = ©, a cholce of angle close to i
” is deslrable. However, if the angle is too close to W, the de-
tectors must be pléced too close to the beam tube where they mey
count neutrons which did not enter through the collimator. It
also becomes difficult to separate the counters into two separate
 banks which will count neutrons on the left and right side of the
spectrometer independently without counting neutrons which dif-
fuse from one side of the matrix to the other. The angle of 160°
is a good compromise and was selected for this equipment,

At low neutron energies (Eyx~5 kv) Lﬁ’is not difficult te
obtain relatively good resolution, because dEy/dEp and JBy/d8
are small, However the yleld at the back angles (see Figure &,
Chapter IV) i1s small for such a low neutron energy, and it is
~ desirable to be able to increase the angular opehing A§, to
increase the intensity. Conversely, at highar energies of 20 kv
to 100 kv, the intensity is better by almost an order of magnl-
tude and is less of a problem, but JEy/J8 increasses quite rapidly

-
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and becomes the predomiﬁant part of the final neutron energy dis-
tribution width, Thus one also wishes to be able to decrease
s 91 for the measurements at higher energies, Hence 1t wa§ de-
clded to make A9y néehanlcally varisble,

The beam spot must have & finite size, and this also intro-
duces & spread in the resultant neutron energy. The beam spof
has a diameter of d and this corrOSponds to an anglo'of tha.
This dlameter is 1/& inch and & further decrease results in too
great a loss 1n proton intensity.

The spread in the resultant neutron distribution due to
Doppler effect in the 11thiul target alone, AD, is not a variable
parameter if the target 1s operated near room temperature.

Let us consider more carefully how the various apreada col-
bine, We must make sppropriate assumptions concerning the shapes
of the component distributions, and thern select the correct
welghting factor.for each, We shall asﬁune that the target and
Doppler distributions with widths at helf maximum of AL and AD
are Gausslan in shape, The two angular spreads of widthuAA and
A8 are rectangular in shape. AA = (JEy/d8)A8; and
AS = (3Ey/d0)A8,. Now if seversl rectangular distributions are
combined, the result is very close to a Gaussian, Therefore, we
may assume that if two rectangular distributions and two Gaussian
distributions of roughly comparable widths are all combined, the
reault 15 reasonably close to a Gaussian,

Let us first see how several Gaussiai functions of unit
ares unite, If A,y are the stenderd deviations of the Gaussiens,

- the standard deviation, IR; when they are joined 1s expressed
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2l1/2
13 = [% 11] ®

This formula holds exactly only for Gaussian distributions, and
in order to use the expression, we must replace the two rectang-
ular diatributiohs with eguivslent Gaussians.g)Let us assume
that two distrlbﬁtions with the same area and same standard de-
viation areequivalent, The standard deviation of the distrlbu-
tion which results when two Gaussians and two reotangular dls-
tributions are combined is given with a reasonable degreo of ac=-

curacy by

_[.2,,2,,2
Ap [‘1 +ag #1342

The width at half naxiinl for a Caussian is 2.361 and Ie,havo

:]1/2

2,360 = {( .361l)2+(2 3605)24(2, 3513)2+(2 36ay) ] | uhére

_;each torm is now a uldth t half maximum, or the square of that
nidth. Let us now return to the case at hand We may wr;te‘the

expresslon above as follows.
2, (A1y2 2 2] 1/2 i
ATy = [ (aD)2+(A1)2+(,68244)24( . 68145) . Flgure 6 1s a

plot of AEy, the width of the resultant Gausslanyspread Z&D' the
o wldth of the Caussian Doppler spread, z&L the width of tho lithu.
lum terget apread AA, the width of the rectanguler angular :
spread and AS, the width of the rectangular finite beam spot

| spread. {When the component apreada are cowbined to form the
resultant, the two rectangular component widths must be multlplied
by 2.36/2({% because 2.361} -"(2.}6/2{3)AA = .681AA, andk
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2;}61“ = ,681A8, This is the case since the standard deviation
of 2 unit rectangle is the width of the rectangle divided by
23, If there were & triangular component of widthAX at half
meXimum, a term (0.963Ax)2 would occur in the expression for
AEy.) | |
| The angular opening and target thickness must be of suffi-
cient magnitude to obtam a useable neutron intensity. It ob-
viously does not help the resolution appreciably to reduce one
spread when another is predominating. With these considerations
m mind, the actual values selected forAL, AA, AS, and AD are
the smallest which will still yield s reasonable counting rate.
The target thickness 1s selected to approximately match the Dop-
pler spread at an energy of 200 kilovolts., An angular dpening
of 1.0° 12 used below 30 kv, and an opening of 0.5° is used above
30 kv,




Chapter 1V
GENERAL EXPERIMENTAL PROCEDURE

The spectrometer must be carefully aligned bhefore the exper-
iment can be started., The axls of the spectrometer must coincide
- with the beam to avoid an unnecessary angular enmergy spread, A
circular beam limiting aperturéyia placed inslde the beam tube
at the rear face of the polyethylene cones. A forward apetturc
in the target chamber is also in position., The spectrometer is
then aﬂquated so that :hé beam clears both apertures and thd
axigl alignment is ensured.

iThe next step is to evaporate a lithium target of the de-
sired thickness., A resh, clean tantalum target backing 1s
mounted in place on the target chember, and the chamber 1ls sealed
and evacuated. Hoxt;tﬁe activated charcoal in the base of the
1iquid air trap is outgassed by placing an electrie heating ele-
ment down the inside of the trap end heating the charcoal suffi-
ciently to release adsorbed gasses; the lithium in the tantalum
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erucible is then melfed to obtain a clean surface on the lithium,
The target shutter 1s held in place over the tantalum backing so
that no lithium will be deposited on the target., Liquid ‘ai;- is
placed in the trsp to improve the vacuum and make the charcoal
effective as a "getter", The lithium is agaln heated several |
more times with the shutter still in place over the target umntil
the vacuum does not become too much worse with mild heat;ﬁg* |
(;ery elight reddening) of the tentalum cone, The ahntt#é‘Is‘ro-
moved and the current 1s increased to a point at which tho ebho
becomes a medium dull red end lithium is deposited on tho‘targct
backing for a very short time {perhaps one second). The beam is
then allowed to strike the target and a trisl count is mede for
e given 1ntegrated4proton current to estimate the thiokngss of
the target. If the target is too thin, the procedure iz repested
until a tafget of the desired thickness 18 obtained, ' The best
vacuum obtainable is desirable during and after the target qfap-
oration éo that the target will not become contaminated. The
target backing is cooled with a fine distilled water spray to
which a household detergent has been added., The use of distilled
water prevents the formation of deposits on the target backing,
and the detergent tends to eliminate water droplets and‘insuro a
thin film of aoollﬁg water. Water droplets and thicker water
films provide more materiel for the hhekscatter of neutrons into
the counters and cause an 1ncrease in the undesirable hetoroanor—
getic neutron background and a Caco3 deposit from tap wator
spoils heat transfer.

Before any date 1s taken, an energy calibration must be made,
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(10) is placed in

A neutron monlitor similar to a McKibben Counter
front of the lithium target and a forward threshold for the
Li(p,n)Be reaction is taken; The setting on the type k potenti-
ometer(7) 15 prOportlonal to the proton energy. The pohentio_eter
setting at which the threshold occurs corresponds to a proton
ennfgy of 1.,8814 Mev. This energy is the threshold for th§~
Li(é,n)Bc reaction. The neutron energy is a function of the pro-
ton energy, and is obtained from a plot of By vs. Eg at 160°,

The potentiometer must be rebalanced freguently. Any accumula-

tion of carbon or oxygen deposits on the lithium target will alter

the energy callibration, but a target becomes unservicesple and
1z discarded before an energy shift becomes 1hpcrtant.

The measurement actually made in this lzboratory is & de-
termination of the transmission ratlos for samples of various
thicknesses of the element under study qt‘gpprqpriate\nontran
energies over the raﬁge of 1ﬁterosb. The samples are prﬁpsred
‘in the form of  semicircular cyllndr;eal rings of constant thick-
ness in a direction normal to that of neutron incildence. Tho
sanpled are mounted in such a fashion that one sample shadows
one bank of counters aﬁd the other is clear of the neutron flux
into the other bank, The count is started and continued until a
given number of counts is recorded from the latter bank, Both
the shadowed (or *in") count and the unshadowed (or "out®) count
is recorded. The positions of the samples are then so changed
from the control console that the second bank is shadowed by a
sample and the first is ﬁnahadoved. The transmission ratios ob-
tained are then everaged to eliminste any differences in counting
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efficlency between the two banks,

Two sample thicknesses are actually used over the energy
range of a2 resonance, This permits the use of the double dif-
ference method(ll) which is discussed in Appendix C and an appli-
cation of the peak height method discussed in Appendix D, Both
methods utilize the data for both thicknesses. An automatic
rec;rdar(lz) which plots (1-T) while each point is being taken
is connected in perallel with the scalar-printer which is taking
the *in" count., This permits an observation of the (1-T) curve
without further computations while the experiment is in progress.
This curve 15 later utilized in conjunction with the tapes from
the scalar-printer combination in making a finished plot of the
data, |

The resclution is checked occasionally by repeating the
neasurement of & narrow resonance which hgs been run previously
under good conditions, If the fosolutian has become poor, the
evaporation of a new target, balancing of the homogenizer, or

other corrective act:on is in order.



Chapter V
THE EXPERIMENTAL DATA

/s

The bismuth semples were prﬁparad from metallic bismuth with
a purity of 99.8%. The metal was cast to slightly more than the
desired thickness in a cylindricsl die with an ouber dlameter of
~Y4+1/16 inches and an inner dismeter ofAAva-l/B inches. The
- samples were then machined to the desifed thicknesses from the
castings, Each casting was cut along a diameter to form two
separate samples so that one could be used to shadow each counter
benk. Samples of the following thicknesses were used in this
experiment:

N, = 0.532 x 10*27 atoms/on®

Ny = 0,266 x 1023 atoms/cu?

N3 = 0,133 x 10*23 atoms/oa® |
Between ~ 10 kev and ~ 30 kev, the experiment was performed over
the entire range with aénples of thickness N, and the resonances

algno in that reglon were alsoc measured simultaneously with
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samples of thickness Nz = No/2. The availability of data taken
with two sample thlcknésses made possible the double difference
van@{peak height analyéis.(ll) (See Appendices C and D.) In the
regién between 30 kev and 135 kev, the samples used for the
lowér energy region are too thin because the maximum value of
the cross sectlon decreases iith increasing energy, and the
values of the transmission ratic T, where T = exp(-No) would be
too large., With this consideration in mind, samples of thickness
Nl were used in the higher energy région. Once again samples of
half thls thickness were used at the resonances. Longer counts
were taken with both thicknesses at the resonance peaks}tc reduce
- the statistical uncertainty of the measurement, See Appendix B
for a discussion of this consideration., The transmission ratie
§a¢ measured at intervals of ebout one-fourth of a neutrom kilo-
volt where there were resonances or suspected resonances, and at
larger intervals in the regions that neaied to have no strueturb.
The cone opening‘usod for energles less than 30 kev was one
degree. Above 30 kev thls opening was deérealed to one-half of
one degree, because the energy spread introduced by the anguler
collimation opening increases more rapidly with energy th#n do
the other spreads,

Pigure 7 shows the experimental biswuth data, o and 1T
ere plotted versus neutron enéégj. The first curve shows 1-T and
¢ from 10 kev to 35 kev for caiplos of thlokness N, and the lower
three curves are for thickness N; from 30 kev to 137 kev., The
statisticel probable error is slightly less than the size of the

experimental points in Figure & at the resonance peaks, and
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slightly greater than the size of the points elsewhere,

The intensity detected by the counters as a function of
neutron energy at 160° has also been messured. The experiment
was performed using the same target throughout the run, and the
angular opening batwéen the cones was fixed at a constan®t value
of 1°, Figure & shows a plot of the yleld mormalized to unity
at its maximum value at about 100 kev.

The background, which consists of neutrons whose anergyiis
considerably different from those in the primary neutron energy
distributlon, has also been measured. The technique 1s’to select
- wide levels in variogg nuclel which can be completely resolved,
and to use samples of sufficlent thickness that most resonant
neutrons are scatiered., The intensity detected by the counters
in the process of en "in count' comsists then primarily of "off
energy" or background neutrons.

Let us now see how the baokgrouhd is computed from this
 data. We shell assume that the transmission ratio which would
heve been messured in the sbsence of background is (I/I,). We

sctually aeggure'(l‘/I'o), where

' 1+ aIge"RE 1/Ig + ae™®

~ Now k = a/(1 + a) is the fraction of the measured "out count®

which is due to background; and 0 is the average cross section

for the énergy range of neutrons constituiing the background,
Now if the resonance is completely resolved, I/Ig = e~ NoMax

~ where Opgy = ghnx? + (1 - g)opot (see ippendix A). {If the
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sample 1s thick enough, 1/I, = 0,) We now mske the assumption
that the background is csused by forward angle neutrons which are
scattered back into the detector by the tantalum backing of the
lithium target and by other scattering materials in the forward
portion of the target chamber, We then estimate o for the appro-
priate neutron energy range. Since a 1s nearly proportional to
the measured "in count®, {l, a correction for the smell counter
background is important here and must be made. A plol of k, the
background fraction versus neutron energy 1s shown in Flgure 9.
The true background is not so large as indicated by this measure-
ment. The resonances are not wide enough so that the finite
width of the incldent neutron distribution actually becomes neg-
ligible. The measured background decreases when the resolution
spread is further reduced, Boweveé, the counting rate diwminishes
too much to make possible measurements of the wlde resonances
with optimum rejolving power, The slenents used for the measure-
ment were iron at 28 kev, fluorine at 50 kev, alumlnum at 92 kev,
fluorine at 9§{kev, and calcium at 134 and 170 kev. The back-
ground fraction rises somewhat more sharply t&nn would be ex-
pected sbove 100 kev. This may be caused by a scattering reso-
nsnce 1n'the cooling water oxygen, and/or backscattered protons
striking lithium and producing off energy neutrons which then

enter the detector.




noﬁpownm punoadxoeg a8yl °6 9an3td

00¢

0G|

—~——(ray) Y3

0]¢

O

|

00l
_

[

—1¥00

—800

—1410

| |
o (@
o s
o O

|
<
N
O

—820

——— ) ‘ uol}opa4 punoubiong




Chapter VI
RESULTS AND CONCLUSIONS

Bismuth exhibits relatively prominent resonances at 12,
15, 33, 45, 6%, g0, 84, 94, 101, 112, 117, end 134 kev in the
energy region between 10 and 136 kev, There is also gcad evi-
dence of levels at 61 kev and 108 kev and there is epparently a
comparatively narrow resonance at 41 kev, MNarrow resonances may
be present at 106 kev and 131 kev., Any other levels that may
oceur are too narrow to be 1ndloated.i1th the present resolution,
Of the prominent resonances listed above, those above 50
kev are almost resolved in the sense that nearly their true
ghape is measured, They have been corrected for background using
the background fraction data which is shown in Pigure 9. The
oofrected transmisﬁion ratio, T, is related to the measured trans-

mission ratio, T', by the expression

™ =(7 + ae~N91 + q
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where ¢ is the average cross section for the background neutrons,

e =k/(1 - k), and k 1s the background fresction, Then we have.
T = expl=Nay,,) 7

where Oy, 1# the sum of the maximum value of the resonance

cross section and the potential cross section for the non-reso-

pant channel (see Appendix A). in general we are unable to make

& posltive distinction between the two poesible g values

(g, = 9/20 and gy = 11/20) for the level so we let g = 1/2 in the
expressicn for the non-resonant channel potential cross section,

We then have

;oosxp = Oyax = 1/2(4“‘2“!1!!2“')
where °°exp is the experinantal reasonance peak cross section,
The values of “oaxp *T* plotted on Pigure 10 with solld dots,
The solid curves represent the value of 0Og:y, the theoretical
resonance pesk ocross section for J = 4 emd J = 5, The values of
'ao‘xp-aro also plotted with solid dots for the resonances at 12
kev, 15 kev, 3% kev, and 45 kev. For these resonances, however,
6!31 was not corrected for background to emphasize The increase
in cross section obtained with the peak height method discussed
in the next paragraph, The applicatiou of the béckground cor-
~ rection increases the value of Gegp Dy 10b, 4b, 1b, and 1b res-
pectively for the four resonances,

The peak height method of analysia(;l) cutlined in Appendix
D was used aﬁ the four resonances below 50 kev., This method

essentially corrects the appérant erois section for resolution
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and we compare the values obtained with %oin’ the theoretical °
resonance peak crosg gsection, The method is rather insensitive
to}the presence of & background because the background is pretty
well absorbed in the resolution correééion. The results of the
peak height analysis are plotted in Figure 10 with circled dots.
It is probable that the 12 kev and the 33 kev resonances are
Jd = § levels, and the 15 kev levéi is probably a J = I level,
The 45 kev level is doubtful in J assignment as are the higher
energy resonances, The two possible £ = O statistical weight
factors, g, = 9/20 emd g, = 11/20 corresponding to the angular
momenta J = 4 and J = § of the bismuth levels are so élose that
it 1s difficult to assign the J value of the levels, This is
the case because the two velues of o0, corresponding to gl and &
are proportional to the appropriate g. However, if there is
more difference betwsen the two g values @s 1s often the case
(the high spin of the bismuth nuclel causes the g values‘tq be
80 close), it should be relatively simple in meny cases to make _ 3
~ a positive datéiminatlon of the J value for a rescnance, |

- The width, I', has been computed sssuming g = 1/2 from the
area‘analysls discussed in Appendix E, The values hawé been

corrected for the effect of the 1nterférence term, using the thin

sample approximatlon listed in that appandlx. On the next page
is 2 table of the uncorrected widths, the factor K by which the
width must be multiplied\td correct for the lnterference term,
and the corrected widths and reduced widths, The values of T
cbtained are merely eatimates, and even the widths listed fbr the

resonsnces below 70 kev are probably correct teo within only a
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The Bismuth Widths

By Iy (ev) K - T, (ev) P: (ev)
({kev) {(uncorrected) {corrected) (corrected)
12 137 1.28 \175 1.59
15 116 1.32 B 1.25
33 70 1.85° - 130 .72
45 08 2,22 23 1.04
68 282 3,03 855 3,27
&0 38 3,85 1k .52
&% 178 4,17 736 2,53
9l o127 5.26 664 2,16
01 ouy 6.66 1620 5,08
12 136 10.0 1360 4,07
117 59 12,5 737 2,15
13 & 500, - -

‘factor of 2, The error introduced from the proper agibotioh‘of/
the local potential scatier level and the determination of the
actual afea is relatively largé and increases with energy im this
region, kTho 1nterforen§e correction zs‘aiso obviously not per—
 fect1y sorrect. The oorrection factor K is discemtinuous for an
energy of aboﬁt 130 kev, 'Phjsicﬁiiy,'this‘neans that the expected
area measured on the transmission curve yanishes for a reéonance
at this energy when‘tﬁe approxiiationa of Appendix E are used.

For energies somewhat higher then 130 kev, the area is negative

Af the thin sample prediction is exactly valid and k also becomes

negative, The area measured for the 134 kev resonance was
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positive but guite small and there wes a considerable margin of
error in making the measurement, Another method of determining
I' for resonances of such asymmetry 1s needed,

The double difference cross section discussed in Appendix C
is sometimes good encugh to determine the value of J for & reso-
nance without any further corrections if the g valueé differ
sufficliently, An additional resaiution correction can be made
to the double difference cross section if the resolution and the
width are known, This is a further aid in determining J values
in some cases. However, the widths of the bismuth rescnsnces are
uncertain and this néthed cannot be applied effectively. Thc |
double difference cross sections were not significantly highcr
than the experimental cross sections for the resonances above 35
kev. The double difference cross sections for the three reso-
nances below 35 kev are about 25% higher than the cross section
measured for the thinner of the two samples.

Tne level spacing observed in the emergy region between 10
kev and 135 kev is about 16 kev for each J value, assuming that
we have an equal number of J = 4 and J = 5§ levels , The value
quoted by Gibbons‘lj) is 20 kev. The 122° spectrometer con-
structed earlier in this laboratory was used for that data.

A comparison of the resolution of the 122° spectrometer and
the new 160° spectrometer reported in this thesis is of interest.
The peak height method of anelysis was used on both the new data
(see Pigure 7) and the old aata'™) (5 = .2¢2 x 10%3) for the
12 kev resonance, Z and f were used to determine a for each and

the ratio of the two a's ylelded the improvement in resolution,



4o
The analysis indicates that the width of the resolution function
for the 160° spectrometer is 59% of the width present under good
conditions for the 122° spectrometer. The corresponding factor
1s ebout 20% at 200 kev,

Because of the extfeme interference distortion of the bismuth
resonances, it is difficult teo makg a reasbnably accurate deter-
mination of the resolution funotisﬁ‘ﬁﬁlch was actually present
when the resonances were measured. However, dﬁﬁa(i2) ﬁas been
teken with the spectrometer herein doscr;bed on aluminum, calcium,
barium, and strontium, and a better estimate of the resolution
functicn can be made from the narrower snd more symmetric 107&13
in these elements. This estimete has been made using a veriation
of the peak height analysis in which one uses the experimental
value of Z and an assumed § to obtain a value of the parameter a.
Now o = 2,36I'/2/2 Ey and Af a reasonably accurate determination
of I' can be made fronythc srea analysis, AEy, the half width of
the rcsolutiqn functlion, may be computed. The width of the reso-
lution function maj also be ostin&tsd‘la) from the width of the
1l - T curve Af I' 18 known, There is some indication that the
finite lithium target thickness is the predominant component of
the resolution width because the values of AEy obtained above
seem to have z2bout the same variation with energy as the target
thickness spread, The target thicknesses were determined from
the neutron yleld under standard conditlons, and it is quite
likely that the thlckneqs is somewhat greater with respect to its
contribution to the resolution spread then it is with respect teo |
yleld, This would be the case Af the Li were not deposited on
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the tantalum by the eveporation process in a uniforam layer, but
instead adhered in grains or tiny globules, It is posslible that
the resclution wae better during the measurement of the bismuth
oross section than it was during the runs on strontium, barlum,
and calclum; and 1t was probably no worse, The lithium target
used on the bismuth data had a thickness of about 600 ev (proten
ev) s determined from yield considerstions,

Besolution 15 considerably improved with this instrument,
and the prospect for the assignment of many previously undeter-
-mined resonance parameters ls good,

The resolution can be further improved by a greater reduce

tion in the component spreads., Further work remains to be done

in the technique of lithium target evaporation to obtain a thinner

and more uniform layer. A more intense proton beam would make
possible the use of still thimner 11th1nn}tsrgots and smaller
angular openings without sacrificing teco much in counting rate,

A further reduction in background by minimizing the scatter-
ing material in the vicinity of the neutron source, and eliminat-
ing the possibility of neutron production by back-scattered
protons would alsoc be of considerable value in obtalining more
accurate cross section measurements,

In conclusion it might be stated that the measurements made
with this spectrometer, although gratifying, can stlll be con-
slderably improved both in principle and in practice; and future

refinements and development work remain to be done,
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APPENDIX &
BREIT-WIGNER SINGLE LEVEL FORMULA

The following is & brief derlvation of the Brelt-Wigner
single level formula slightly modified from the treatment in

Blatt and Welsskopf, Theoretical Nuclear Physgics. We shall first

consider the case of target ‘nucleus epin equal to zero and later
modify the results for I ¥ O, We represent the incident neutron
beem first by an undisturbed plane wave expanded into spherical

harmonics in which enly the A= 0 term 1s retained:
ikz _ 14 -ikr _ _1kr r ’ L
S — [e e ] (14)

for large kr where k ieg the ineident de Broglie wave number,
The interaction changes this expression in} that the outgoing

wave is altered,

\P(r) ['“‘“ / “Yo ev ] L (24)

where)zo is the coefficlent of the outgoing wave. The scattered
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wave is given by:

- - alkz
W golr) =P ir) - e
) R
ik
&L N o

Then the number of neutrons scattered is expressed by

‘ I se )

Use = emS( 3¢ ‘S‘u‘—qjs:;)‘“‘

“B[ 7] i

The incldent number of neutrons /cme/sec is

Nevy , - (54)

where v is the veloclity. We then define the scattering cross

gseciion

N | | | |
Oy = 2 = k2 f»:. - 7(‘0‘2- | (64)

Now let us assume the existence of a well defined nuclear
radius B, and consider the behavior of the wave tunction for
smsller values of r down to r = R,

Now we can describe the relative motion of the nucleus and

the neutron with ho interaction between them dby:
2 2 | | |
VEeUtr) + x°ir) = 0 o (74)

We let(4/(r) = uy(r)/2/7r and substitute thls expression

in the wave equation to obtain a differential equation for u,
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Eﬁiﬁ’. + kauo(r) =0 (8a)

r
which has as a general solution ‘ \
ug(r) = ae~1ET 4 polkr _ {94)

Comparing this with the first expression for LP which is valid

‘for large kr, we evaluate the constants end obtain
1w -1kr _ ikr
uglr) = =& e 720 e {104)

We now relate 7(0 with the conditions at the nuclear surface

and define

o

- R[due(r)/dr] , 343

Substituting the last expression for ug(r) in f,, we obtain

for 702
s w 8-21111' ' | (12A)
7( @ r, - 1kR |

Using this expression in the formula for gg,, we have

osc = ."‘2 F‘—_&s’% 4 gzikr - 1 (134)
0
We may define:
- 21kR
Ares:?a—g%and Ajot = © -1 | (144)

Now at resonance, , Areg ‘ is large and this implles a value of
fo close to zero. We expand fo around the resonance energy Eq

and retain only the first term
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We now define I', the half width of }A,,,!, as ,

(E - By) V(ISA)

»

r=- 2xn/(%%2)n'go : (16a)

Now we obtain the following:

; I
Ares - (E -lEO) 4 1{\/2' (17A)
Then
: (2

If I #0 (I = 9/2 for bismuth), the only change is that the

expression sbove is multiplied by the statistical weight factor
g1 for the resonant channel and an additional term is added to
represent the contribution to the potential scattering from the

non-rescnant ohannel,’and we have finally
2 .
= gy™M°| Agg * Apot

Aneg 804 An,¢ are unchanged from the expressions stated above.

Igq L gzﬂlzl Apotl 2 , (194)

Since gp = 1 - gy, We may write

O, = glﬂla

2
- + (1 - gl)nﬁa ,Apot\z (204)

Apes * Apot

Apeg and Apot interfere destructively for E <E, and result in
a2 minimum in cross section for an energy slightly lower than
i : e
the resonant energy. O, ., = Opin = &S,
Feshback, Porter and Weiaskopf‘ls) have pointed out that
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R should be replaced by R' which differs appreciably from B, R
is constant on the average, but the local value of R' is dependent

upon neighboring levels, ¥



APPENDIX B
STATISTICAL UNCERTAINTIES

Let us consider the statistical nnoertalntias(17) intro-
duced by taking‘a finite count of events in deterninlng a measure-
ment instead of the infinite count which would be required to
make the measurement accurately,

~ If a count N is taken 9! events which occur at a steady but
random rate for a finite period of time, a discrepancy will occur
between that count and the average count Ny that would be meas-
ured for that time if the actual measurement were continued in-
finitely. If one made a large number of measurements of the
count N for a finite period of time, and‘a’plot were made of the
number of times the count N occurred versus the value of the
count, & Polsson distribution centered on the value Ny would be

the result,



NUMBER OF TIMES
COUNT N occuRrs
—_

‘The probability that any given count N will fall wifhin
+ AN of Ng depends upon the magnituds of N, and cur sslection
of AN, |
‘t If we wish to select AN es the standard deviation, the
probebility that a single measurement will fall within X AN of
i, is 0,68, where ‘

AN = g2 (1)

It 'n; now wish to make & messurement of N as & function of another
parameter, we may construct limits of AN on that count and say
that the probabllity that the count is within AN of the exact
value N, is 0.68.

In this research a measurement is made of a transmission
ratio, or the ratio of an "in” count to an "out" count, both of
which contain such statietical variations, snd we wish to con-

. struct liwmits of + AT upon the messured trensmlssion ratio T,
such that there 18 a aeétazn probability that the measured valuse

with
ocours/in + AT of the exact ratio T, that could omly be obtained
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by running the experiment for an infinite length of time with a
finite counting rate, In this case AT is determined as follows:

T+ AT = (%)—)1 A(%;) where

I AT\2, [ ALg\® e I
AE) - |45 (1) J (%) f)
If we again select AT as the standard deviation, the probabllity

15 agein 0,68, and A %— becomes
: o

1/2
A(%—‘) P‘ 1—] ) since AI = I+/2 (3B)
o
The probable error which is a8 likely to be exceeded as not ex-
ceeded {(a probability of 0,50) is the product of 0.6745 and the

standard deviation s OT

A(%—;) = 0,6745 [ * L]l/a o\ | (uB)

Error bars on data in this dissertation reprsesent the

probable error,



| APPENDIX C
SAMPLE THICKNESSES AND THE DOUBLE DIPPERENCE METHOD

The proper selection of sample thickness is esaentlalyln Ob=
taining the best possible measurement of the total scattering
eross section by the transmission ratio method using this
instrument,

The apparent cross section 0 is expressed as follows:

I/I, = e~ % where I, Iy, N, and o are the "in" and "out" counts,
the sample thickness in nuclel per square centlmeter, and the
crosg section in barms, for neutrons of an enoégy By,

Now the neutron flux into the detectors contains a number
of néutrons with an energy other tham Ey, Part of this off=
energy component results from neutrons scattered into the counters
froﬁ scatterers such as the celling, walls, and floor of the lab-
oratory, some of the shielding neaf the conical openings into
the deteétors, portions of the sample itself and any other ob-

jects in the vicinity, Most of the remsinder of the neutrons

-
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ﬁith energy different from Ey reaching the counters are from the
sldes of the neutron distribution, or energies slightly higher or
lower than the nominal energy. Now the expression above fdr the
cross section indicates an exponential decrease of the neutron
intensity through the sample for neutrons on any energy, but since
ot = og(Ey), the expression for the transmission ratio becomes:

I _ o~Not(Eny) ~NF oy (Eny) ' - {10)

=0

when neutrons of‘energy other than Euo are present, If we are
at a nominal neutron energy which}:ell of f resonance and the
cross section is relatively flat, this has little effect upen
the measurements, but if we are at a resonant energy and the
sample is too thick, virtuﬁlly all of the neutrons of resonént
- energy will be scattered within a short distance into the aample,
and the exponential expression will not be very valld for the
cross section at iesonance energy. HMost of the neutrons trevers-
ing the entire sample thickness will be slightly "off-energy® or
background.neutrons. For this reason, it 1ls desirable to use a
sample thin enough al resonance so that an apprecieble number of
neutrons of resonant energy can still penetrate the sample and
the exponentiel expression is still reascnably valid at that
energy. However, by using samples of verious thicknesses greater
than this, one 1s able to make an estimate of the background by
coﬁﬁarlng the results with those obtained with the thinner samples.
If a sample of 1nsgfficient thickness, or small N; is used
the stétlstlcs become very bad and the expression for the uncer-

tainty Ao becomes too large because it is inversely proportional
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to N,

- 1/2 ~ |
Ac-g-'-%z-lﬁ[%‘*%; (2¢)

(See Appendix B).

A weasurement of a resonance with two different semple fhick—
nesses is also of value in effectively increasing the resolu-
t1on, (11} 4 cholce of two relatively thin semples which differ
in thickness by a factor of 2 is made, Let us considef the neu-
tron energy distribution which is centered upon the resonant
energy E,. If no sampie shadows the detectore, it counits the
entire distribution, HNow if & thin sample of thickness N; shadows
the detector, practically all the neutrons pass through the |
‘sampla and are counted except for some of the neutrons of reso-
nant energy and those very close to resonant energy for which the
eross sectlon is much higher than the 'off-enérgy' neutrons, If
a samplé of thickness Ny where N, = 2N; 1s now placed in the
neutron beam, the neutrons scattered are still primarily reso-
nant neutrons, or have energy very close to resonance, aé long as
the second sample is still thin enough‘so that a falrly large
poftibn of resonant neutrons and practically all the off-energy
neutrons can still pass through.tﬁe sample, Let us denote the
-~ count with no sample in pes;tion by Ig, the count with the sample
of thickness N, in positidn by I; and the count with the second
sample of‘thickness Ny in position behind the first by I, all
for a given number of ngutrons fr;m the 1lithium targét; Then |
Io = I is the number of resonant or near resonant neutrons

scattéred b& g sample of thickness Hl alone and I - Ip is the
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number scattered by the second sample of thickness Ny behind the
first.

Let us consider the expression .

1/TD-£9-—-—1-1-=—1—-——1-L/-£9—— | (30)
L ~Iz 13/14 - Ip/1, '

-NIO

. now 11/19 =@ and Iz/Io - o W2 '+ Then

-l1o '
l—-g —ml*- -] ) (uc)
’TD G-Kxc . Qfﬂga -

But No = 2N; , s0

=Moo -Njo
= 1 - = ‘l — N = Nlﬁ
R T, TRl S a >
~or | | | | |
1-1./1
N NS N S 1 ©
¢ ’116% b 3iﬂnil7io - /1, (6c)

: of
where 11/10 is the transmission ratlio for a sanple/thloknes;

N3 and Io/Ip 1s the transmission retio for a sample of thickness
Ny = 2N,, |

This method effectively 1nor0§sea the resoclving power at
resonance becsuse only the resonant or near resonant neutrons
denoted by (I, = I;) and (I - Iy) are used in the computation.
The peak cross sectlons determinedin thls menner for the bismuth
data wéio higher than thé apparént-cross séctions measured ex-
perimentally for the resonances at 12 kev, 15 kev, 33 kev, and
by kev, and about the same for the prominent resonances ab

higher énergles.



APPENDIX D
PEAK HEIGHT ANALYSIS

We shall briefly outline the peak height analysis, Dr,
Bugen Horzbacher(ll)‘has developed a family of curves relating B,

a, and Z where

B - Nopes

@ = 2,36I/2/2ABy

exp(-Nopot) {P(Ey, Bo)aBy

N = sample thickness in IOEhcna

ABy = half width of P(Ey,E,)
P(Ey,E,) = Gaussian neutron energy distribution
Ey = neutron energy -

Eq = neutron energy at resonance
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I' = width of resonance occurring at E,

T(Eo) = transmission ratic at resonance

Z 1s plotted versus o for a number of different §'s. Note that
for simplicity the interference term has been neglected.

The analysils 1s utilized in a slightly different manner than
has been used before in this laboratory. One measures the trans-
mission ratic at resonance for two samples which differ in thick-
ness by a factor of 2, Z is computed for each thickness by divid-
ing the transmission ratio by exp(—ﬁqpot). A value of £ is deter-
mined for each Z for a number of different a's and the ratio of
ﬁa/Bl iz plotted versus « for each a selected. Now the risonanee
has a certaln Opngg 2ssoclated with it and the ratio of Pp/Py must

_.be equal to 2 because the knoﬁn sample thicknesses differ by that
factor. To obtalin the opgg corresponding to the experimental Z's
one neroiy finds the value of f3 or By where the plot of Ba/ﬁl
crosses the ordinate Bp/By = 2. For example, Bp = Npopes and we
‘may immediately determine 0,5 Once By is known, This method has
been used on the relﬁnances at la‘kov, 15 kev, 33 kev, and 45 kev.
{See the discussion in Chapter VI and refer to Figure 10)..



APPENDIX B
' ABEA ANALYSIS

An estimate of the width, I', of a resonance may be madb by
means of an area analysis.(15) The basic premise 1ls that the

area defined by

©
Apeas = § (Tpop - Tpy) 4F (1E)
' ]

is independent of the resolution. Tpot = exp(-ﬁqbot) and
Ty = exp(-Nogy) where ogy is the Breit Wigner expression for &
resahancg of width I' at an energy E,.

The following assumptions are made: |
1) We may replace the limits on the integral above with - to
4+ since the effect of a single resonance is small far from the
resonant energy.
2) Tpot may be assumed constent over the energy range in which
the area defined above il significant,
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3) The interference term in the expression for Opy may be neglec-
ted for simpliclity because to a first epproximation it is an odd
function about the resonant energy and the effects cancel,

The first two assumptions are guite good, but therthird in-
troduces some error, and an approximate correction will be indi-
cated later in this appendix, Utilizing these three assumptions,
we have | |

A= }D[i = exp(-Na pot = ﬂcre,f] dE ‘ ;{25)

where A = Aneas/xpot' After long computations we have
a=HL e—B/2 [x,(&/a) + ‘Ilts/z)-l - 0B

I,{(p/2) and Il(ﬂ/a) are Bessel Functiohs, Two cases may be ex-
| plicitly evaluated:
for B/2 <<1, A= mpr/e
for B/2 3> 1, A= (WT -
For the intermediate case of 0,1 < /2 < 10,0, the fuli expres-
sion must be evaluated, "
The quantity y. = J?T/A is plottedrvereus‘p = No,. db'i:‘
the valué of oOpeg @t the fésonant energy E,. |
This plot is used in the following menner. The value of y
is obtained from the plot for the possible values of B. A 18-
determined from the experimental data using an cnérgy interval
+ SE from Eg. 2 $E 18 selected such that it is much greater than
the-éxpected 'y The velue of y then ylelds the quantity I' when A
18 known. A correction may be made once I’ is obtained for the

area lost in using only the finite energy interval 24E by the use
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61’ the following expression for AA:
An = B2 | (4E)
- 28E «
- Now A' = A +AA and a new I"' is obtalned from the valus of y using
A' instead of A, This process may be repeated until _thefe is no
variation in A' and hence, In I'. Note that the expression for A
in integral form above contains no resolution correction, and none
' is needed as long 2s the original premise holds that the area 1s
independent of the resolution. |
Let us now consider the expression for A when the interfer-
ence term is included.‘1®) The cases in which B/2 << 1 and
B/2>>1 can be evaluated fairly easily, but the intermediate case
is much more difficult., We will quote here the results of the
calculation for 'the two simple cases.

1) p/2<< 1

«

A= E%L‘. [oos 2a - (ﬂ/‘#)sina au] | (SE‘)
) P |

where a = kR', lLet K = [cos 2a - (B/4)s1n® 2a]._ We multiply

the I' obtained from the area amalysis by K to get the corrected

r.

2) p/2>> 1

We can place upper and lower limits on A as follows:

A>ywpr [\chs 2a (2 - exz/gy)] (6E)

A Ympr [\‘cos 2a (01 - 12/21)] (7E)

where X = B/2 sin 20 and y = /2 cos 2a,
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