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REUTRON TOTAL CROSS SECTIONS
BY TINE-OF-FLIGHT



CHAPTER I
IRTRODUCTIN

The j.nternction of noutrons wiﬂ: nuclei nay be qumtiutivoly describad

in t.em of the concepd af cross mtion. ‘!‘ho definition of the tern cross

section is given by Platt and ‘vk:lsskop! 1 s
Numbsr of events of a unit time/ nucleus
U'Mimidmfpaﬁ?n/ unit ares/ unit time

The croes section is expressed in terms of a unit of 10~ em? called a

barn,
- The cross sections discussed in this paper are total cross sections, con-
sisting primarily of elastic scattering but which also include any other pro-
cesses which remove neutrons from & beem such as inelastic scattering, capture,
or fission. | | ‘
The neutron, upon entering a nucleus, forms a compound state, whose ex-

 citation emergy is rapidly distributed over s largs mumber of particles. These
compound states exhibit themselves in the form of resonances in the cross sect-

ion curve st various enerzies, The fleld of neutron physics is concorned pri-



marily with a study of cross sections in an attempt to scguire knowledge about
naclear structure. |

A transmission experiment is usually employed for thc.msumont of tot=
al cross sections. The experimental transmission ratio at a given neutron
energy is determined by computing the ratio of neutron counts obtal ned when
the sample to be studied is in the beem to those obtained when it is out of
position., Thern the total cross section is determinsd from the relation

T = g No

where T is the transaission, i 1s the mumber of atoms/en® of the sample and
o is the total cross section at the energy in question, |

The nthod used in this omrimt il a pulead beam tine—ot-ﬂight Mh-
niqua shihr to a2 system previously roportod by Cranberg, Beauchamp, and Levin
at the Los Alamos Scientific Lahoutory‘z ;

Tims-of=-flight technigues for mmmnt of neutron velocities are now
well estamsh.d for slow mtmt, but the development of the techniques for
higher energies has only recently been uéouplidud. The chief reason for
this delay is that the technicalities encountered in measurement of fast flight
times have been overcome only in the past few years. For fast neutrons, that
is, in the range 0.1 to 15 Mev, and path lengths on the order of meters, the
£1izht times ave in the range 10~ to 10°7 saconds, Onmly with the recent de-
velopments in photomultipliers, scintillators, and amplifiers could such mea-
surements be made., Thus considerable mthtion is in progress in the
field of fast neutron time-of-flight spectroscopy, in particular, with regard
t&vyinel.u.t'le scattering of neutrons.

The ldnntams of the time-of-flight method ovar other types QV' detection

systems are twofold., First, backmund problems are not encountsred as the
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bacikground count is elways tlk.ﬁ Simltaneonsly with the nsutron count at
egvery energy point. This is discussed in more detail ‘in Chapter IV, Second-
1y, the method discriminates sgainst neutrons of different erergies so that
only those of a chosen emergy are counted, The 147 (p,n) Rel reaction ceases
to be monoenergetic above 650 kew at which point a second group of neutrons
arises from the formation of the residual nucleus Be' in the 430 kev excited
state. This second group is cbserved as a pesk in the spectrum which is sep-
arated in time from the main neutron pesk and thus will not be counted, Pre-
vious total cross section experiments, using BFy counters which can not _dh-
criminate against these groups, were thus limited in the use of 21 (pyn) Be!
as a neutron source, '

It was decided to employ this tino-of-ﬂin:t method $o measure the total
croes mtinnof 1rcn as a check mpmlous wortdom byi!ibdan His work
was perfomd with a proportional counter arrangement using neutrone emit'ed
at 120° with respect to the direction of the praton beem, The second group
of neutrons from the 117 fp,n) Be! reaction first appears at a proton energy
of 2,378 mev at an angle of 0" with rupoct to the proton beam directim.

‘It begins to appear at 120° at o proton emergy of about 2,13 ¥ev, at which
f.he anergy of the first group of neutrons is near 200 kev. The low energy
resonances of iron uight. be expected to produce peaks at higher energies due
‘%o this group of low energy neutrons. This fact was taken into account by
Hibdon, but the yield data on the two groups which were used were values
quoted by Batchelor L for the 0° angle, rather than the 120° ansle. Recent
work at this laboratory using a time-of-flight method indicated that the
vield of the low energy group is nearly isotropic st the energies _nnder con=
gideration, while the yield of the main grop falls with increasing mgh.s

s
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Ratchelor and Morrison 6 also showed that, in the center of mass system, the
angalar distribution of thﬁ low energy groip is nearly isotropie for the low-
er proton enerzies, It would thus be expected that at 120° the yield ratio
of the low energy group to the main group would be higher than at 0°, There-
fore iron wes run at 0% from 250 to L30 kev to determine if any of the re-
sonances reported in this region could be caused by, or be contributed to,
by the low energy neutron group. Also, the narrow level spacing of the re-
~ sonances in the region cMed \qould test the resolution ability of the ap~-
paratus. The pesk heights and neutron widths for the observed resonances are
discussed in the chapter on results.

lLead was chosan to be the secord element to be investirated by this time-
of«flight mathod. Previous measurements of the total neutron cross section
of natural lead 78 showsd the existence of thres distinct maxima which were

208

attributed to resonant interaction of neutrons with Pb to form excited

states in the compound nucleus szw. A study of these levels is of parti-

28 is a double closed shell nucleus consisting of

cular interest because Pb
82 protons and 126 neutrons, For the heavier elements in general no resonan-
ces sre observed in the fast neutron region, only smooth avers-e cross sec-
tions, Exceptions to this trend ars found only in the heavy elements lead
and bismuth which, because of their "magic number" of moioom, resanble
light elements. Therefore, certain characteristics of the compound nucleus
Pb2°9 can be compared with predict ons of nuclear shell theories,

Since natural lead consists of the isotopes Pbm, l’bm7, szoe_, and

Pbmh in relative abundances 52, 23, 2h, and one per cemt respectively, in-

terpretation of the resonances is difficult. In the previous vmrk,a measure-

ments were taken on the total cross section of radioelead which consists of

207

88 per cent I’bz%, nine per cent Pb° ', and three per cent szoa. Then the
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effects of the 5’b206 wers mﬁtructod out and, assuming that tho cross section
_of 207 varied moothiy with emergy, the contribution of 7200 at t he re-
sonances wag estimated,

In this experiment a different approach was used in that the natural
lead cross sections were directly compensated for the effacts of Pb2°6 by
use of a radlo-lesd sample in place of the usual out co.nt. A total cross
section of uncompensated lead was taken simultaneously over the energy range
coverad which was 300 to 750 kev. A total cross section curve of rTadio-
lead using that sample end the regular out count is also shown and discussed

in this peper.




CHAPTER II
THEORY

The quantum ucranim theory of mt.mﬁ resonance scattering ie based
" upon the dispersion treatment of Breit and Wizner.”1C This theory wes ar-
rived at througzh an nnaloy‘bntwer.x muclear mommo procom's and the |
theory of optical dispersion. A good discuesion of the formula is given by
Feshback, Peasles, and Welsskopf 1} who gave a "derivation® based on a con-
sideration of the wavefunction of the neutron and mucleus at the surface of
the lstter. A more complete treatment is found in Blatt and Welsskopf.l

In the mi@borbood of a ruemnco the ez;innion for ‘tho cross section
for elastie mttorina, which is the prcdmimnt effect at our mergion for
miclel that ere not too nght. 1- given by!12

O™ % lnrar (29*1)53\ ;g e"slsins \ s Py (1)

X ie the wsmslength of the incident neutron divided by 2w, E, is a pare-
meter which is very closely the snesrgy at which o is 2 maximum, " is the

total width of the level which is nearly equel to the width of the curve at
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helf maximum,  is the angtﬂ.ér momentum of the incident neutron in units of
f, and g'y ia the st.a‘bf’iati‘cal‘ weight factor of the particular state of the
compound mucleus of total angnlar momentum J vhich is responsible for the
resonance. If the spin of the target mucleus is represented by I, then g}
is giﬁn by

'g:, - 2J+1 | (2)
2(2i+L) (2Q+1)

J is restricted to values | -j| = J= | 8 +}| where ) is the so-cslled

"channel spin®,
J =1+ 8

uhere. 8 is the spin of the incoming particle, which in our Acm is a neutron
whose spin is 1/2, The combination (22*1)85 is often replaced by the sym-
bol &g

2

g u e - e

The terms a"ﬁl sin b&and - arise from the potential scatterin:-, the
non=-resonant portion of the scattering, The first one ariges from that part
of the potential scattering which has the same { and J values as the resonant
level and whyich therefore interferes coherently with the resonant scattering,
The term Pge represents the background of incoherent potentisl scattering
arising from levels of diffsrent § and J. It has the form
P = Wil E(20 191)ein’g, + Lrx® (1-g) ) (2041) sin%, W

&R ‘
The potential scattering phase shifts 5, are given by the formula

§ =-tantgge1e B | o
A ,Q#},/zx (S)
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-where J and N are the well known Bessel functions and x is given by
x = 2wR!' /5 =kR' = R1/x

2 ig the effective muclear radius (or scattering length) which is a para-
meisr of the optical model 13
For X = 0,1,2 the explicit formulae for the phase shifts are

So - x

= x-¥/2 + arc cot x

L o x--rrkfnrccotxz-gy | | o ' y(ﬁ)

For amil X cwe ean easily obtain the followin: series eipin:iont for &1 and
bzl‘ | |

81 = x3/3°15/5"..., n<<l

ba - 15/,45 - 7A89 * .o ey x< 1 ‘ (7)

Thus only the S (9 =0) p otential scatisring is important for x smsller than
unity. |

If there is no resonant scattering the § potential scattering cross
section is

o'x', - hrr>;\2 sinzﬁo = Lt B2 sinzx

(8)

If x is much less than one (i.e., =mall phase shift) then this reduces to
the usual form for the S potential escattering:

o = LT RZ . (9)

If all the 's are smsll, the firct term in the absolute sign of equation (1)

will predomirate in the vicinity of a rseonance, but far from a resonance,

q
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4.0y \E—Eo] >T /2, it is only the potential scatiering temms which are im-

portant, and ¢ is given approximstely by
o = hrxt ;(uﬂ)unzsx (10)

If both terms in the sbsolute sizn of equation (1) are of comparable magnitude
in the neighborhood of E,, interference can accur between the resonant and
potentisl scatiering and we obsarve a dip or eroses section minimum preceding
the resonant peak. This is observed usually orly in 3-wave interactions where
S potential scatisring is predominant, However, as will be indicated in

this thesis, resonances are observed above 300 kev in the heavy mucleus lesd
which shows P-wave potentiel interference effects,

Thovdmsof!ntﬁnmiumduinimmgimbym

F’le-‘b’ (" /2)tan §

Boin = Bo = (T'/2)cot & (1)

At the minimum the quantity in the sbsolute sign in equation (1) is sero,

while at the maximum the gquantity has magnitude unity. Thus the maximm value -

of the cross section arising from a given level is

o= hn.xtz, | (12)
Theoretical maximum cross sections for I=o muclei, given by the equation (1),
for { = Dand { = 1 ares

- 2
T ax bhwx

20, §=1/2 g;=1
Ty @ Umx2(1 + &%)  R=1, 7.1/, g5=1 (13

Gax = lrx2(2 + 8in?§) L=, d=3/2, g5=2
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It is possible to obtaih considsrable information ss to the angmlar
momentum of the interacting neutrons by considering the level widths. The
width for emission of a neutron, r' S & depends upon the magnitude of the
centrifugal potentisl barrier. These widths may be separated into three
pu-tnn‘

Py = 20/x V%% 7 (1h)

where ¥,2, the "reduced width®, ie proportional to the square of the matrix
element for the transition, and depends kupon the configuration of the states
inwived, This quastity is independent of{ and should not vary mch from
resonance to resonance, Its maximum theorstical valus, called the Wigper
1init, is given byl® |

§ mex = 3m? /2uR | | (15)

where m is the mass of the neutron and R the nuclear radius. The term 1/x
is proportional to the volume of phase apwi available to the emitted mtron
and T is & centrifugal barrier pemstration factor given bys |

TO = ]
Ty = x2/ 1ex? xR/ | (16)
T, = 2/ 9430

Since thess pofutmi.ion factors are very much diffehnt‘ for small x, the mag-
nitude of [, 15 en indicstion of the angalar mnﬁm of the neutrons which
excited the lsvel. o |

Since the nentron widths contain the factor 1/x which is proportional
to the neutron energy it is useful to convert ]"n'e to their values at 1

electron volt, this reduced neutron width (not to be confused with the pre-




13

ceding b’mz reduced width of Wigner) being defined bys

0 = 1 QV)
From the preceding relationship it is observed that for a given value of { ,

m

re = by R ' - (18)

n | |

where b is a constant whose value is L.39 x 109.
In connection with nuclear models it :1s_n§ore significant to discuss

the average reduced neutron widths, '3 » in'a particular mclide especially

as it is related to the average level spacing, D, 1n the nuclide, The ratio

r n/D' called tha otronghh n\mtion, is enpecially eignifiemt with regard

to the "cloudy crystal ball" model of the meleus,}3 The noutron width of a
1evo]. is an 1nternnl nuclur property for it gives the probabﬂity of dig=-
1nt.cgratior: of the conpannd state by neutron: emiaaion, but after division
by the averaga level spacing the ratio is a measure of the penetrability of
the muclear am':tm.m
There is no known t.hcory which will predict ;.hc energies (8 ), widths
(I'), or quantum mmbere {J) of the compound states of any nucleus. The
“cloudy erystal ball" model of Feshbach, Porter, and Weisskopf 13 predicts
the average cross sections in terms of a model of the mucleus in which the
neutron moves in a potentisl well, including a complex component to take
m&unt. of "anorption', i.e., compound nucleus fomntion. The Breit-9Wigner
theory serves as & basis upon vhich the quantum numbers and widths can be

detemined from well resolved resonances,




CHAPTRR III
EXPERIMENTAL APPARATUS

NEUTRON SOURCE

 Protons rm the Duko Univerlity L mev Van de Graaff aeaolantor vere
used to bombard lithm tu-guta to praduce the mtronl uged in this experi-
mente The protons were mdyud by both a magnetie and an electrostatic ans-
lyser. The magnetic analyser deflected the proton beam 17° in the horisontal
plam a.nd nparat.od protm from singly ionized hydrogen -oleculu, denterium
ionl md other !.mritiu .’m the beam. The proton beam strength at this
point was sbout 25 to 50 m:-onnpom.

Principal energy mlysu was accomplished in the electrostatic analyzert’
vhieh deflected the proton beam throu;h a horizontal anzle of 90°, The en>rgy
distributian of the protons after passing th:ougx the snalyszer is approximate-
ly triscgular in shape and at half height its width was about 1 part in 500
for the iron data and 1 part in 1500 for the lead. This improved resslution
resulis in a reduction of beam strength to about 2 to 8 microamperes at the
exit of the electrostatic amalyzer.
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The beam, consisting of 'nearly monoenergetic protons was passed between
two parallel plates 30 cm lonz separated by a distance of 0.8 cm. A L=
megacycle radio frequency voltage from a power oacillato? was arrlied to
these plates to deflect the beam across a 1/8 inch slit 8 x 106 times per
second. These proton pulses, whose intensity was reduced to 1/50 or 1/100
of the steady beam strength, then bombarded a lithium target to produce
"bursts® of neutrons of approximately 5 mpsec duration,

Since the pulsed proton beam was only about .02 to .1 microamperes, it
was decided, when taking the lead deta, to employ a device developed at this
lsboratory by Parks, Newson, snd Williamson 1P called the homogeniser. The
homogenizer takss a sisnsl from the exit slits of the analyzer and applies o
voltage correction to the low potential plate of the electrostatic analyzer
which keeps the beam centered through the analyzer and thus increases the
beam intensity on the target. In addition to’ cor-ecting the analyzer voltage,
corrections are also made to the heam .nitgy befors striking the target by
the #pplicauen of a varying target voltaze supplied by the homogenimer. It
was found that a beam increase of as much as 300 per cent covld be obtained
by ueing this device, |

The neutrons produced at the target were detected by an organic scintil-
lstor,&taill of which are discussed in a later paragraph.

A charcoal trap cooled by liquid nitrogen was used mear the lithium tar-
get to improve the vacuum and help prevent the deposit of impurities on the
target. A vacuum of sbout 0.1 micron was maintained in the vicinity of the
targets

A viMng quartz located in the ViC box near the target made it possible
to view the beam for aligmment purposes. Also, since the guartz was insulat-
ed, 1t could be used to integrate the unpulsed heam and determine ite strength,
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The unpulsed beam could not be placed directly on the target as this would
overheat the lithium coating.

The plumbing was terminsted by a 6 inch section of glass pipe which ser-
ved to insulate the target from the remainder of the system, The glass con-
tained a 3 inch section of brass shim stock fitted around the inmer circum-
ference. A negative voltage from a 300 volt battery was appliad to this ring
to repel secondary electrons ejected from the target by the bean,

A floor plan of the entire system is 1llustrated im Mgure 1.

The time-of-flisht equipment consisted essentially of the deflection
oscillator, the destector, the pulse smplifiers, the fast coincidence cireuit,
the time-to-pulse height converter and amplifier, and the pulse height ana-

lyzer, A photograph showing the electronics eqwipumt is shown in Figure 2.

mm DETECTION

For total cross section measursments in the energy range comnsidered here
thers are four factors upon vhich the counting rate depends, These are the
thickness of the lithium target, the detector efficiency, the solid angle
which the datector subtends at the target, ond the target current, Oood ener-
fra g resolution recuires the use of 2 thin targst and a emsll “oplid angle of
. agceptance, The target current must be as lgrgo as poscible to reduce the
tize required to tske the data yet not so high as to damage the target, Since
ﬁn daflection oscillator reduces the beam strength by a factor of about 1/100,
every effort must be made to obtain the maximum poseible beam 2t the output
of the electrostatic analyser. The remaining item, the detector efficiency,
must be as preat as posszible to obtain Tast counting rates,

Detectors which have been uszed ir the past for fast neutron work include
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ensembles of BF3 counters in a matrix of modorator, or proton-reccil detect-
orse The first type has low efficiency for fast meutrons unless it is of a
large size and then shielding problems are presented. Also these counters
carmmot be used for measurement of total cross sections at the hirher enerzies
using the Li7(p,-n)Be7 reaction ae a neutron source since this reaction ceases
to be monoenergetic and the BF‘3 counters have no enargy discrimination,

FProton rec-il detectors have a hizh efficiency if a thick hydrogenous
scintillator and a low bias can be employed. Such is the case with the time-
of=flizht technique discussed here, Since unwanted neutrons, such as the
second group from the 117 (p,n) Bs7 reaction, as well as gamma rays, are dis-
criminated against by time, thay can be easily separated from the main neu-
tfon groupe -

The arrangement used in this experiment consisted of two RCA 6342 photo-
multipliers lookin- at a block of "Sintilon® plastic scintillator furnished
-by the National Radiac Corporation, The plastie was in the shape of a cy-
lindsr 2 inches thick and diameter 2 inches. Surronnd'nz the tubes and
plastic was 3/16 inch of lead to shisld the co.nters from most of the gamma
ray backzrond, The crystal and phototubes were inserted into a large
"harrel® collimator composed of 1/2 LiCOy and 1/2 paraffin (by weizht). The
diunsions of the collimator were 29 inches total length and 16 inches dia=-
meter with one end tapering to 6 3/L inches dismeter. 4 2 5/8 inch I.D.
Bakelite tube was situpted slong the axis of ths collimator and the photo-
tube assembly was plaéed pverpendicular to this tube. It vag nﬁceu-ry to use
the eollmior assembly in a reversed position, i.¢. the narrow end was point-
ed away from the target, in ordsr to obtain gpod geometry. The physical
arrangement is illustrated in Tigure 3, A photograph showing the detector

barrel in position is showm in Figure L.




Figure 3
NEUTRON COLLIMATOR AND PHOTOTUBE ASSEMBLY
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M gure &
GENERAY, FPROTOCRAPH OF THE DETEM‘IQJ EYSTEM
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The efficiency of the deﬁ:c’bor was satisfactory down to about 250 kev
due to use of the dual photomultiplier eoincidence techmique which consider-
ably reduced the tube noise. Maximum counting rates were obtained at high-
er energies {about 40O to 500 :ev) due to both increased efficiency of the
detector end slso to the increased yield of meutrons from the 147 (p,n) Be’
reaction, Tﬁe P yield froa this reaction reanhgs a maximum at proton ener-
- gy of asbout 2,25 mev which corresponis to a neutron energy of 516 kev, For
a trangmicsion experiment it is not necessary to know the efﬂeianey as a
function of energy as long as the efficiency has a reasonsble value, This
is an advantagze of this type of experiment over those such as scatiering
in which good efficiency curves are a necessity, The detector efficiency
resched a platesu at about 300 kev and its cut-off was sbout 150 kev, The
output of the anocde of esach photomultiplier was connected to a plug=in cathode
follower pre~amplifier whose outputs were fed to the coincidence circuit.
The high voltage for the photomultipliers was 1500 - 1700 volts. At the low-
er neutron energies considerabls increase in counting rateé could be obtaine
ed by using the higher woltaze but this resulted in a large mmber of after-
palses from which coincidences coald be obtained, Since these occured at
random time intervale they would tend to increase the backcround, There-
fore a lowsr voltage was necessary and it was found that at 1600 volts these
alter-pulses were almost eliminated,

The output of each pm-mﬁlifier was taken through a seriss of three
Hewlett - Packard distributed amplifisrs, The amplified signals were then
limited by n.pa;r of 6AH6 pentodes and fed into a blased diode fast coinci-
dence circuit, Two eignals were taken from the output, to shich trere was
attached a short clipper. One signal was inverted by another 6AH6 and sent

into the discriminator sestion of the time-to-pulse height converter while
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 the other wae impressed upon a cathode follower which served as a slow gate

for the pulse height analyzer,

| TIME~TO-PULSE WEIGHT COMVERSION

. The time-to-pulse height converter is essemtially a circuit developed
by Webser, Johnstone, and Cntbcrr:.ly The function of the converter is %to
convert the time interval betwsen two pulses into a pulee whose amplitude is
proportionsl to the interval. The interval to be messured is that between
, ak reference gimnal related to the production of neutrons at the tarpet and
the signal produced by the neutron detector, Thus the flight time of the
neutron between target and dstector is determined,

The time of production of the sehrun 4n Axfowsed foon tha phase of ihe
oseillating elactriec field through which the beam is deflscted. The reference
-signal is taken directly from the coil across which the deflector plates are
comnected. This r-f voltage is fed to a circuit which gemerates a vary short
pulse for each r-f cycle and a measurement is then made of the time interval
between a detector pulse {(start pulse) and the next r-f pulse (the stop pul-
se).

The instrument is composed of three basie operational stsges: o very
fast aéﬁing discriminator, the éomert.er portion, and the stop pulse shaping
circuit,

The time interval of intemri begins when the digcriminstor is trigrer~
ad by e negative pulse and ends with the arrivel of a stop pulse, The diseri-
minator output is a positive sguare pulse whose width is determined by a sec-
tion of high impedance coaxial cable (delay line), This pulse causes s sate
urated plate current to flow in a triode whose plate voltage drops linearly
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with time, due to a 300 ppf éapicitor between plate mdgrmmd. At some time
during this diserimimtor output pulse a stop pulse will occur, This results
in a coincidence which stops the linear charging of the capacitor. The out-
put rulses of mgﬁtin polarity are obtain-d from a cathode follower. Thus
there is a linear relationship between the time interval and the final ampli-
tude of the output pulse, The discriminator threshold disl is calibrated be-
tween zero and 100 volis but it was never necessary to opei'atc at a setting
over 15 volts, The complete cirenit description and operation can be found

in reference 19,

PULSE - HEIGHT AWALYSIS

The converter amplifier furnished a pulse height spectrum which is ana-

lyzed with the use of a ten-chamnel pulse height snalyser. The neutron groups

and time-correlated gamma rays are separated in time and thus can be identi-
fied, Since there are two bursts of neutrons for every r-f cycle a double
spacim is presented, with either both complete or one complete and one ine
ccuplotq depending on the symmeirisation of the beam through the deflecting |
plates. me pﬁunhtion of the double spectrum corresponds to 250 mpsec,
A typical time spectrum showing the neutron and gawma pesks is shown in Fige
ure 5, |

The zate signal from the fast coincidenes circuit was amplified by a
type "A-1" pulse amplifier and was used to gats the ten-channel analyzer.
The converter output pulse was delayed approximately 0.1 psec to insurs that
‘it arrived at the analyzer after the gate pulse whose duration was about L
psec. This cmiartar pulse was then amplified by another type “A-1" amplifier
before entering the analyzer, . The input signal to the ten-channel analyzer




Figure 5
A TYPICAL TIME-OF-FLIGHT SPECTRIM
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was of positive polarity, aﬁmt 70 volts maximum peak height, about 3 nsee
pulse width (exponential decay), and a rise time of 1/2 psec. The maximum
peak height was determined by the amplifier gain which was set so as to pre-
vant overloading.

The ten-chan el analyzer could be set for either one, two, or bfive volt
window widths, The base line biass was continuocusly variable from two to one

hundred volte,

A view of the console showing the ten-channel amslyzer is shown in Pig-

ure S,

NEUTRON MONITORING

A Hei1bben type BF, counter ®yas placed at en angle of 60° from the

axis of the beam at a distance of about 2 feet from the target to monitor the

peutrons from the ut.hiuu. For every 1000 counts a pulse was sent from the
glow tube scaler to the scale of 6&’whieh in turn controlled the integrator
relay. An 8.c, gate on the integrator started and stopped the counting of
the ten-chan-el smalyzer, It was found that this method was preferable to |
integrating the beam op the target es a method of determining counting time,
Any motion of the beam on sn unmeven lithium target would result in variations
in neutron flux which would mot be accounted for by integrating the beam,
On the second run when the lead date was taken, the monitor was necessary as
target integration could not be performed vhen the homogenizer was used with
its high voltage target lead connected. |

The pulau trom the MeXibben counter were amplified before entering a
single channel pulse helght selector ;sot to discriminate against gamma rays.

When taking & threshold and target thickness measurement it was necess~




Figure 6
PHOTOGRAPH OF CONSOLE SHOWING TEN-CHANNEL AMALYZER
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ary to remove the hanogenuervand to integrate the beam on the target. This
necessitated a single connector change; the seale of 6l input was switched
froa the glow tube scaler to the integrator sealer input.

A block diagram of the complete electronics errangement is shown in Fig-

ure 7Te

TARGTS

Lithium metal was evaporated under vacuum onto target end caps. For
the ironm run the caps were nickel eylinders with one end closed, about 2 in-
ches 1long and 1 inch in diameter soldered to a brass flange, while for the
lead run, 2 inch diameter S mil tantalum csps were used, After evaporation,
the target wes inmediately removed from the evaporator and quickly mounted
in position so that the lithium was not exposed to the alir for more than a-
bout onernhmto. The caps fitted over the end of the glass pipe which termi-
nated the beam plumbing, They were held in place by the vacuum of the system
and a sesl was maintained by use of an "2 ring.

Target thicknesses were measured by the familiar rise mt-hada by use of
the McKibben counter placed about 60 inches from the neutron source and at
an sngle of 0 with respest to the direction of the proton beam, hlthough
this method ts valid for thick targets, 18 is inaceurate for very thin ooes,
»'rho latter can be determined by comparing their yleld to that of a measured
thicker target, since the yield is approxinately proputiasl W5 WIAkess
for the target thicknesses used, The thicknesses are measured in terms of
proton stopping power in the target, Targets of about 2 kev thickness were
used for both the iron and lead data, |




Figure 7
BLOCK DIAGRAM OF THE FLECTRONICS
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SAMPLES

T —

The iron samples were made of Armco iron in the shape of cylinders of
diameter 1.5 inches. TFour e§mp1e thicknesses were used in the experiment,

The natural lead samples were poured from lcad of 99,98% purity obtein-
ed from A.D, Mackay, Inc., New York, They were of 1-1/8 inch diameter. The
radio-lead samples were machined to the same diameter, =Sample thicknesses
will be discussed in the next chapter,

The samples were mounted on aluminum spokes cornected to a wheel which
was rotated by a seleyn unit in order that samples could be remotely changed
from the console, This arrangement was used for economy of time since the
sarple changer permitted the simultanecus study of several thiekmsﬁu or
the same material at each ensrgy. Also s paraffin sample mounted on the
vheel could be readily introduced into the beam for spectrum check purposes,
A set of indicator 1irhts at the console showed which cample was in position,
As many as elsven samples could he placed on the changer at one time., The
changer was mounted such that the sample, when in place, lay midway between
the target and the counter. Total target-to-counter distance was 2l inches,
The samples wers aligned with the axis of the collimator visually and they
completely shieldsd the detector from the target so that no direct neutrons
from the 1ithium could possibly be counted, The sample changer in position
is shown in Tigure 8.



ngnsj
PHOTOGRAPH OF THE SAMPLE CHANGER
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CHAPTER IV
PROCEDURE

The first stepr in starting a run was to check the targa‘t thickness as
described pmio*mly. 1f the target was satisfactory, then a determination
of the forward threshold of the 1i'(p,n)Be! resction was made in order to cal-
ibrate the pot.entlomtar‘ on the c].qctmstatic anglyzer. Initially the value
1,881 mvn was used for thi; threshold but during ‘the lud run the more re-
cont value 1.861h mev>> wes used. Once the ealibration constant n.c‘:detemin-‘
ed, the Leeds and Northrup Type K potentiormeter was set at the pmm enargy
necessary to attain the desired neutron energy.

The number of mmm- wag normalized by target integration for the
thickness and threshold determinations, The method of normalization was then
changed to the monitor as discussed in the preceding chapter,

A complete spectrum was taken using ths ten-channel analyzer to deter-
mine the -posiﬂ.on of the neutron and gamma peaks. If there was any doubt ae
to the identification of the peaks or if an unfortunate flizht path caused
apparent supsrposition of the peaks, then paraffin or lead was inszerted in
the beam as a checlk,
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If a peak occurred at the upper end of the spectrum then the slectronics
could smear it over the entire spectrum range resulting in an inaccurately
high backsround, This coild be corrected by intsrchanging the r-f cables to
the deflection plates and all peaks would be shifted due to the change in
phase of the stop pulse, _

One of the two mein neutron peaks was selected Qnd the t«m—qhaxmei &na=
lyzer bias set so 2s to maintain this pealk within three (sometimes four) chan-
nels of two volt widths Three (or four) other channels, uﬁmtad from these
and containing no neutrons or time-correlated gama rays, contained the back-
grmﬁd connts. | | |

At each energy ‘point the mumbar of counts from all ten channels wers re-

corded, first with an empty ssmple holder in the beam and then with the sam-
ple in place. The sum of the three backeround channels was mbtracto_d Prom

the sum of the three "neutron® channels in sach case to obtain an "out" count

and an "in" comnt, The tranamission was determined by the ratioc of the "in"

to the "out", The cross section could then be computed from the expression

- ln, T -
G'a_—f——

vhere T is the trcnniuim, and N is the number of atoms per elz

in the sam-

ple. Oceud.omlly thers occmnd a spectrum nhift on the hn-chanml analyzer

| due to a llight ehunge in ho- poa:ltion nfrocﬁng the wtrisatian, and a
point was mtakcn uhamor this ooeurnd. &

. At or near t.he nlomnt oncry, iura the cross nctioa 1. high, 2 thin
nmple was used in addition to the medium thickneses sanple, which was used at
4311 energies. The thinmr samples were used to obtain higher counting rates
snk desrenne Vhe Veam hardusing SZfechs, ihs vedcodion o2 wiieh Twenits dn
raiaing the exper:lmental peak hei ght to glve better agreement with theoretic-

al values. Away from the resonances a thick sample was used to prevent
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transmission reiios near ubity which cause large statistical error in the
cross section,

The total cross sections of iron were measured at neutron ensrgiss of
25 kev to L25 keve The thickness of the iron samples in grams/ cmz are tab-
ulated in Table I,

The natural lead cross sections were taken by the same method as for
the iron, The actuel ssmple thicknesses were used in the calculations. 1In
addition, a compensating sample of radio-lead was used as an out count to re-
move the effects of Pbe0® on the total cross section. The thicimess of each
radio~lead sample was such that it contained the same mumber of atoms/cm®
Pbm as a corresponding natural lead sample, The major isotopes of natural -
lead are PPl (1.5 %), m”‘ (23.6 %), M7 (22,6 %), and ¥ (52,3 %),
The radio-lead contains P2 (28 %), M%7 (9 %), M (3 %), If the nate
ural lead sample is taken with 2 radio-lead out count the equation for the

transmwiesion ratio is:

T Imt / Im, N G!P{'( ["m B mm} 208 "uao'r ) g!'20'1'-1 207
’["206"'206]'56”201, %)}

where the prims refers to the nuaber of atoms/em? of the isotope in the radio=
lead. If Ny = ', them the tern containing %% sastiis Teaving ady
the other uotopes to affect the transsission and thus the oross ssction,
Using the compensating radio-lead sample the aprroximate effective composition

!li - lli of the sampleg are as follows:

:!1- 13
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Isogtope Effective Abundance
pp20L 2%
pp 200 | 0%
' Sadd 28 %
208

b : ‘ - 70 %

Since a radio-lead "in" count and & Fogalir Pout® mmt wree wasiads,
2 ndio—lead cross ssction curve wae cmpuud and graphed. These radio-lead
samples, being the compensators, were thin and high transmission values were
therefore obtained which can result in large statistical errors, Neverthe-
10::, this cur!kreb is very useful md interesting in connection with the experi-
mantal nmits and conclugions,



TABLE I

SAMPLE THICKNFESCES
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Sample Sample Thickness (atoms/ en?)
Iron 1/2 x 3,78 x 1 »
. 1x B9
2x 1649 |
. , 3x 25-._5 k_
Naturadl gt
Lead 1x 5.50
| 2% - | 12,7
3=z 19,7
| Radio-lead 1 x 1.7
o 2x 3.39
3x, 5.25
{flompeneated . .
Natural Effective thickness
~ Lead 1x L7
2x 9.2,
" 3x 1.3




TABLE II

ISMOPE THICKNTECES
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Sample

Isotope

208 207 P 206 Pp 20k

Nat. Lead 1x  3.37 x20%% 1.&0%%  1.52010% .09&1022

2x 6,60 2,86 0 298 189

3x 10,2 boh2 - Le6l 293
Radio- .

Lead 1 x 0521 156 1.53 ~
2x 102 ‘ 3305 2.98 -
3x ho62 -

.,‘15‘7 71




CHAPTER V
DATA ANALYSIS

Two general procedures, shape uialysia and area analysis were onploye‘dr
in determining the resonance parameters. |

Shape analysis uses the shape and pesk height of the observed resonanc-
es as a means of deteminirig the paruneiz«‘srs‘,i in \part.{cular,‘the 2 and J
values. The angular momentum may usually be ascertained from the dinmg:ish-
ing features of s-wave and p-wave resonances, The s~vave peak is asymmetric
about the maximom and is generally preceded by an observable dip in the cross
section, while a p-wave peak is usually symmetric, The s-wave difa ie due to
interference between resonance and s-wave potential scattering. At higher
energies, however, where p-wave poitential scattering becomes important, a
dip may be observed bafore & p-wave peak.

A comparison of the experimental and theoretical peak heights will usual-
1y help. to determine the angular momentum, The maximum value of the cro=s
section mimus the minimum valve i given by
O ™ g nin = h‘“”;z ge

where ¢ is the abundance of the isotope causing the resonance. For L =10,
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o nini. very nearly (1-gj)'ﬁa. Thus for s-wave interactions with I = @
5 ;
nuclei, 6, should be ger> and o;x Lax gee
Arvea analysis is based on the fact that the area of a resonance on a
(1) scale 1s independent of instrusental resslution providing F/z <a., 2

The area below a resorance pe,k on & (1—‘!‘) scale is given by

[(‘1‘ -e"“ﬂ) dB Tp-o-n‘i

a-'r I (l-e-n(rt-rp))dg

The tarn (6% < C‘p) is obtaimd from the anit-mgmr uquation. In the usual
‘nathods of area amlysis, the interference tsm in the Brait.-mgner oquat:lcm
s neglected and the integral is ovaluated with this approximtion. The re-

sult of the intamtion yield
A -1\'[“(! o‘/ﬂ) '“r"‘/z [I (n rJ? 11 (m o-/z)]

e~ kv - .frp s I, and I, are Bessel functions of imeginary arguments,
and 6"0 is the theoretical peak height of t};s resonance,

Curves are available in ’uhioh T/a 15 plotied against N ¢, for varicus
values of Uoppler bmdoning {which is usually taken to be zero). .'rbo area
is measured with a planimeter, N 0 assigned a value based on the g value
eelected, and ["is thus determined from the curves. In measuring the area,
an enargy range El is tsken on both sides of Eo such that 81 is greater than
the level width, the Doppler width, and the instrumental resolution but much
less than Eo' The area measured is between Eo - El and Eo + Bl with the
area in the wings neglected in taking the measurement, This nepglected area
" is calculated from ’

Ares meglected = N o l"2/251
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with the assumption that helf the zrea lies on esch side of the resonance.
Th:.a calculated correction ig added to the measured arss to give the total
ares under the 1-T curve.. o

This method of area analysis was employed for the lesd resonances,

Seth 25,26 haé recently developed an analysis method in which the in-
terference term in the Bmit-’ﬂgner equatioh is not naglect;ad. 4180 he has
ghown that for s-wave resonances the phue relation betwsen resonance and
potential scattering amplitudes, which is ususlly neglected, should be re-
tained. Furthermore, he has employed an I 650 computer to perform numeri-
eal interrations of area between finite limits around E , namely 2, S, 10,
and 20 ["*s, Thus resonances which are poorly defined because of very close
neighboring resonances can be analyzed to a much higher aceuracy than esuld
be done pmioul;ly. An outline of this procedure is given here,

The Breit-Wirner equation for resonarce scattering may be written in

the form
G ]
o.‘_‘_p_ma [ccs 2o+ x 2in 2 =
where 9% = hrake M/p

o« = &1/ %
x=2 (8-E)/p @ =ax /2

let = 6;/1+2°

. oo -
a-T[(l—e.n(ﬁ"P))dg .Tpfcl_.‘n@CCOIZNsmz.()
. [

eo
=Tp r/2 1-e

- aF,

r

-n Plcos 2+ in 2e¢)

)dE

Ydx
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. The lowsr limit may be repiaced by =P gince | 2Fi° and negligible area

 4s ineluded by extension of lowsr liamit to -0,

-n ® (cos 2 + x &in 2 X )
a=T "/2 (1-s Yax

% one(cos4e«+ x sin 2 ) ° -nplcos 2« + x sin 2e)
a2 -f(l-e Jdx ‘[(1‘9 Jax
T )r

(-]

If we change x to - X we have

-n@(cos 24+ x sin 24) 2 « =x sin 2
(!‘rp) % _5(1_.,;1 cos x sin 2 yax ’[(1_.4; @(cos 2 < =x sin -()) N

There ere two types of resonances which must be considereds
(1) Those resonances in which the ares in the interference dip beneath the
base lire is small compered to the area undei- the peak on the 1-T scale.
The ereas are added to obtain the total area with the area beneath the base
line oonaiderod negative. , ‘ \
(2) Those resonarces in uhs.eh the interforence dip is aonpnrable in size
to the peak such that the algsbraic additicm of areas yields Atata}. area
. which is almost gzero or even nezative, in which case n.nalysis is imposeible,
The second type of remonance may be analyzed if the negative area is
~ subtracted t» oﬁtain the total area which is characteristic of the resonance
and which is not negative or ‘mr_gm. ~The total area determined by al-
gebraic addition of arsa above and bealow the potential oe;tterim’ base line

_ uill be denoted by a+, vhilo that area d.tamimd by al;:ebraic mbtraction
will be called A=,
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) N
”_ -n @ (cos 2+ x sin 2«) -nf(cos 2« x sin 2«)
(a* 3'[ {1-e Yax #| (l-e - ' Jax
- f;) r o
& o -n @ (cos 2+ x sin 2«) « -n 0(cos 24~ x gin 2« )
/ (1-e )ax - [ (lee' Yéx

o

1t !+/Tp = A+
a-ﬂp = A=

S If we combine and rearrange terms we can obtain

-nPeos 2
F_:]‘: (E.-cn?c“ cosh( -..@xllni’")] dx

w [ -ngeos 2% -
X_:] - 'f{' sinh( ~oox 8in 2 <) ] dx
‘ ) ° ° v :
~ These are the quantities which have been evaluated mmeriecally., In addition

%o the evalustion between limits O to ©0, they have also been evsluated for
~ finite limits 2, S, ’10, and 20 "', Theee curves between finite limits are

, used when it is not possible to megsure the area over the entire reéorunao
‘dus to the interference of neizhboring levels, 7

2 ~ Uraphs are plotted of M/r ¥8. n 0 1.‘/ A+ ve. n O, and E/A-

| V8 n o; with the dimensionless quantity (ng)uzk' used as a parametsr, In

b us’ing. the graphs for the type (1) resonance, bom chooses the approbriate n,
gy and B!, and with the moasured arsa obtsins an initial value of I' from the

‘ ‘M/[' curves, With this initisl value of [' one uses the curves of ['/Ao,

 evaluated at the finite limits suitable to the particular resonance, and the
tey area measured between these limits to obtain a more acocurale value of r .

~ Por the type (2) resonance, & sinmilar proced re is executed using the I /a-

CUrvas,
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In measuring the area, an energy range E‘.l is tsken on both sides of

the resonant energy Eo such that ZEl is consistent with the integration
limits of the curve that is used (e.g., 5" )¢
In this axpebmnt the [’ /i- curves were used for the iron analysie

since the interference dips were comparable in size to the pesaks,



CHAPTER VI
EXPERIMENTAL RESULTE

The results of theee experiments are shown graphically in Tigure 9

through Pigure 12, Fxperimental cross sections, in barns, are plotted a~
gainst nentron energies in kilovelts. The experiment involving natural iron

| was performed during the period April 20 %o May 1, 1958, while the lesd ex-

periments were performed during the period June 30 to July 10, 1958,

The error bars on data in this thesis represent the statistical error
of the cross section as computed from the transmission standard deviation,
If * AT are the limits upon the measured transmiseion value T, such that
there is a 68 ¥ probability that the measured value occurs within * AT of
the exact value T, (that could only be obtained by infinite countin: tise),
then AT is ziven by27

1/2
are @A) = [iaean] anmy

where I is the "in" count and I, is the "out" count. In terms of cross
section m havs

v 2
as =i [yre 1/10]1/



Figure 9
CROSS SECTION CURVE FOR NATURAL IRON
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IRON

A 2 kev lithium target was uséd for the iron data with the eles tro—
static analyzer set for a proton beam spread of 1 part in B00, 1.e. if a
t;iangsn& distrib:tion is assumed, the width at half-height divided by
the emer'y is in the ratio 1/800, The total effective meutron resolution
- wag 3 kev for ’c.he :Lmn run, | |

Iron exhibits prm.nent resonances at 280, 323, 365, 390, and 1B kev
in the emrw reg'!.on between 245 and L2% kev, These emrgiel are tahulatod |
in Teble III along with the observed mxima, o;u, of the cross section
peaks and the eomeponding theoretical mn:i:u Also shown are the values
of the level widths, [ , as determired by the ssproved ares snalysis method
described in Chapter V,’u well as the vainez of the reduced widths, [ g.

There is also evidence of levels at 265, 208, 295, 333, 33, LO3, and
\ l10 kev. Wo attempt was made %o analyze these resonances as thoy are of
doubtful validity and are very poorly defined., They are due ‘t.o‘ the minor
isotopes of iron which are present in the natural iron sample.

The five prominent resonances are all attributed to neutron interactions
with Fe°® (91.7 % sbundsnce). The resonances st 200, 323, and 365 kev are
all lower than L X 2¢ and are attributed to s-wave (L =0) interact’ion'ay.
On the low energy side of each resonance, with the exception of the one at
118 kev, there is a deep minimum ubicix indicstes that the m@«s are s-
vave.,

At 390 vev ‘the thin sample cross section exceeded the calculated ¢ max
for = 0 but the cross section of the medium thickness sample was lower,

The deep minimum of 0,75 barns makes it appsar certain that it iz a2 weld
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resolved s-wave resonance and that the hich point which is beyond statisties,

is in error, Furthermore, the excellent resolution is justified since the

width of this resonance is L kev, which is wider than the others, and the

resonance should be the best resclved,

Both the thick and thin sample cross sections at k18 kev exceeded 0 .y
(cel.) for s-wave interactions., Therefora, this resonance may bs a p-wave
resonarce with g = 1, In this cese O, (cal.) = 8.83 barns where the po-
tentiasl scattering is included., Area analysie was not possible on this peak
since it is very poarly defined. Seversl smsll peaks contribute to the high
cross section bstween the 390 and 118 kev resonances.

A value of potential scattering was reguired for the analysis of the

‘iron resonances, E£ince this value could not be obtained directly from the

data, it was computed using the value of R' = 5,5 Termis which was obtained
from low ensrgy data taken at this lahoratory.m The potentiél scattering

‘decreased from 3.3k barns at 280 kev to 3,1l barns at 390 kev.

The level width values of 2,0, 3.5, 3.3, and L.0 kev for the 280, 323,
365, and 390 kev resonances respectively are in excellent agreement with
the values quoted by Hibdon® of 2.0, 4.0, 3.0, 2nd 5.0 kev for the four
resonances,

From the reduced neutron widths shown in Table III, one obiains a value
of the strength function P—;'O/D of 2.6 x 107% for P8, The strength function
is expected 13 45 reach a maxdimum near A= 55, The experimental value of
the strength fusction of F956 is probably accurate to no better than 100 ¥
as only foir yesanasoes were wied Ao S determination, The theoretical
calculations of the strength function for A = 56 vary from about 2 x 107k
to 8 x 10"‘ depending upon the optical model parametsrs employed.

Since Hibdon's data was taken st an angle of 120°, it is possible %o
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. have peaks at the hipher enorizies due to the low erergy group of nentrons,

This has been discussed in Chapter I, It appears that the small resonances
obscerved by Hibdon in the region urnder ¢onsideration are due to the main
neutron group, ratter than the low energy group, since they appear in the
crose section curve shown in Figure 9, Since the data shown here was taken
at OO?and since the ensrgies were below the threshold for the second neutron

sroup, all resonances are due to the main zroup.

LEAD

Bt

The cross section curve for natural lead is shown in Figure 10, and the
curve for compensated lcad is shown in Pigure 11,

The effective neutron resolution was about 2 kev for the load data us-
ing a 1 kev tarszet and the electrostatic analyzer est for: a proton beam
spread of 1 plrt in 2000,

Three distinct maxime were observed in the natural lead cross section
which are attributed to resonant interactions of neutrons with Fb%8 to form
excited states of the compound mucleus pb209 « 7The resonances occur at
neutron energies of 353, 528, and 720 kev, The various perameters and ex~
perimental peak heights for these resonances are tabulated in Table IV,

The use of the compensating sample in placs of the regular out coont
tended to raise n;ll peak heights and lower the interference dip before the
two higher energy pesks. This is expected since the effective composition

of ?baoe

18 ineresased from 52 € to 70 £ by the use of the compensator,
If the peaks were perfectly resclved then the peak height, measured

from the minimum %o the msximum of the cross section sho.ld be equal %o



Fizare 10

CROSS SECTIOR CURVE FOR NATURAL LEAD
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Flgure 11
CROSS SECTION CURVE POR COMPENSATED LEAD
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52
| lrw,agc where ¢ is the relative abundance of the isotope responsible for the
recsonance, The energy spread for the lead experiﬁmts wes ahout 2 kev and
the analysis indicates that the level widths of the resonances are near this
value, so one would not expect perfect resolution of the resonances,

For the 353 kev resonance in natural lead, G pax = Cpin 18 5.6 barns
which exceeds the value calculated for g = 1 but is less than the value
calculated for g = 2, The compensated lead at this ensrgy ghovs a difference
of 6.3 barns which also exceeds the value for g =1 but is less than that
for g = 2, Therefore, this appears to be a p=wave reéonance with g = 2, and
the dip preceding the resonance ezhibits,p-uave interference fffects. Howe=
sver, at ihis encrgy, p-wave potential scattering is only about 20 ¥ of the
total potential scatitering and a larve dip would not be’expeeted. With the
_campenéating‘aample the dip was nearly eliminated, PFeterson 9t al.8 agree
with the value of { = 1 but assign g = 1 rather than g = 2 for the 353 kev
resonance, l |

The height of the peak at 528 kev, in both the natural and compenéated
samples, 18 consistent with ¢ = 1 and g = 2, The p-wave interference dip
is again observed, and at this energy p-wave potential scattering constitutes
about 35 % of the total potential scattering. These aseignments agree with
Peterson. |

At 720 kev the experimental value of S nax ~Tin 18 L.5 barns for the |
natural lead comparsd to calculated values 1.9 barns for g = 1, 3.8 barns for
g = 2, znd 5,7 barns for g= 3, For d-wave neutrons, J has values 3/2 and
5/2 and therefore g has corresponding values 2 and 3, The compensated lead
shows an 8 barn difference as compared ts the slightly lower calenlatad value
of 7.6 barns for g = 3, Therefore, these peak heights indicate a dewave

interaction for this resonance, However, the interference dip is very pro-
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minent, in particular, with the compensating sample. The d-wave potential
scatterinz is only sbout 3 € of the total as compared to ahout LS % for p-
wave potential scattering at 720 kev, If this is a p-wave resomance, the
pesk height may be explained by the incoherent additiom of this resonance
with anothsr, possibly one of the othar lead isotopes, Peterson iusigmd'
the values Q= 1, g = 2 for this resonance, |

The netural widths of the levels in natural lead were determined by

AR as discussed in Chapter V, The

the arca analysis method of Seidl et al.
values obtasined are lower than those gquoted by Peterson ot &1.12 of 8.L,
S.6, and 5,7 kev for the 353, 528, and 720 kev resonances respectively,
If the acnttering of a neutron by a clmd shell macleuns such ss Pbm
could be treated as a single particle interaction, the reduced widths,d 2,
of the levels would be expected to approach the Wigner limit, X“’m‘. (See
Chapter II). The reduced widths of the 353, 528, and 720 kev resonances are
found to be about 22, 10, and B x 10723 kevecm respectively for p-wave inter-
actions. The reduced width of the 720 kev resonance for d-meutrons is 2 x
207" keveon. The ratio of thess reduced widths to) 2. are 029, .013,
.01, and 003 respectively. In view of this it is concluded that the observed
‘levels in the compound mucleus ?bm ars camwtad with many-particle ex-
-citation and are not ths single-particle levels predicted by nuclear shell
theory, |

A musber of small resonsnces appear in the cross section of lead, Two |
of these, at 308 and 320 kev, are probably s-wave resonances in pp208 as
Shadr pesk helght insrenses by sbout ome bern whas the scwpansating sewpls
is used, Several résomnms which appear to be resal are obseorved beiween

206

435 and 505 kev., These are levele in Fbo0C or 7b2°! as their heights are

lower in the compensated lead cross section. Other unrecolved levels of
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these isotopes are indiceted by the point scatter in the region 375 to 425
kev,
The cross section of radio-lead using a normal out count is shown in

Fimre 12, Hadio-lead is 68 £ !~'b2°6

so the large resonances should be due
to this isotopes It is noted that many of the resonances produce minima in

the cross section and have ap "invarted® form, i.e., appear as dips in a

baciground of potential scattaring. This behavior may be understood in
tahns af the pﬁase ‘shifta for potential scattering for s-nsutrons., If the
- phase shift is very near ‘“‘/2, there is no maximum whatsoever for resonant
seattering in the Breit-Wigner equation, The cross section is almost zero
at E = By and rises on both sides of Ty to the value hTx 2g for |E = By O
/2. The resulting curve is that of en inverted maximum, Taking the nuclear
‘radius of lcad as 9 x 10713 em, the s-wave phase shift for 450 kev neutrons
is about 1.3 radiuna; Siucg p-wave potmtm scattering is small at thil
energy, the minima observed at 3h3, 388, 395, L20, LL5, 503, and 533 kev are
bel:ieved to be produced by s-neutrons, The residusl cross section of sbout
one barn at the ninina is due 1o the p-wave potential scattering from Pbm
nnd by the crois sectiong of the less abundaht isotopes., The radio-lead
‘samples were thin since they were used as the compensators for the natural
‘leadj therefore the statistical error in the cross section is large. For ‘ 1
this reason, as well as the very close level spacing, no detailed analysis i)
was attempted on the radio-lead. |
According to shell theory, the level density incroases rapidly with in-
- creasing excitation energy., The wide level spacing obaei-ved in the com-
pound nucleus Pb207 ig consistent with its low binding energy (3.87 dev)
'aa compared to the higher values found for other lzad isotopes (6473 Mev for

207

Pb and 7,38 Mev for Pbm) ard most other heavy muclei. This low bind-
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. ing energy is to be expected on the basis of the idea of the existence of

208

closed shells in rm::lai..29 (Pb is doubly "magic"™ in that 82 protons and

126 neutrons form closed shells,) The narrow level spacing in the compound

207

micleus Pb is observed from the radio-lead cross section shown in Figure

12,



Figure 12
CROSS SECTION CURVE FOR RADIO-LEAD
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