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I INTRODUCTION AND PURPOSE

_A Previous Diffraction Experiments

Elastic scattering of high energy'nmﬂeons by nuclel is. analogous
to optical Fraunhofer diffraction considering the nucleus as the scat-
tering obstacle and using the DeB:oglie wavelength (A= h/p) of the
high energy nucleons as the incident wavelength.

1l : '
Amgldi, et al, - have observed the angular distribution of 14 Mev

- neutrons scattered from Pb nuclei, using neutrons produced by the

D + Ii reaction, The neutrons had a DeBroglie wavelength of 7.5 x 10’13

cm and were nearly monoenergetic, making them useful for seeking dif-

fraction effects in heavy nuclei, The‘angular distribution observed

had a strong forward peak, with a minimum at about 25° and a small sec-

. ondary maximum near 40°. Assuming that the Pb nucleus behaved as an

opaque sphere, they deduced from the position of the minimum that the
fédius of the Pb nucleus was about 1 x 1012 cm

Using the 90 Mev neutron beam of the 18/4-inch synchrocyclotron,
Bratenahl, Fernbach. Hlldebrand, Leith, and Moyer2 have investigated
the diffraction of neutrons by Be, C; Al, Cu Ag, and Pb, The minima

in their patterns were obscured by the energy spread of the neutron

beam; which is produced by stripping of 190 Mev deuterons in a one-

‘half inch thick Be target placed in the circulating dueteron bea,m.3

1 E, Amaldi, D, Bocciarelli, B. N, Cacciapuoti, and G. G, Trabacchi,
Nuovo Cimiento 3, 15-21, 203 (1946)

2 A, Bratenahlp 8. Fernbach, R. H. Hildebrand, C, E. Leith, and B, J,

Moyer, Phys. Rev. 77, 597-605 (1950)

R. Serber,nPhyso Rev, 72, 1008 (1947)
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The differential scattering cross sections were observed to be hof
zero in the region of éxpected secondafy maximé for the heévier ele= ‘ ¥
ments° Their resultsvat the cgnter,of~the forward peaks were well-
described by-fhe‘opaque'nucleué picture, but at larger angles the
predictions of the transparent nucieus theory of Fernbach, Serbef,. , o
and Taylné_gave a better fit to the experimental points,” .

Transpérency of 'a spherical nucleus should alter the‘shape.of the
' diffréction‘patterg by increaéing the infensity in the region.of the
minima;"décreasing the intensities of the secondary maxima, and caus-
 ing the entire pattern to bfoaden'Slightly corresponding to a slight
decrease in ré.diuso

" . The present experiment makes use of higher energy and better

energy‘resoiutibn in an attempt to choose between the various nuclear

e

“models, and to determine-nuclear radii as a'check of pi'e\'rious‘workso
The differentiallcrbss'seotions may be integrated»aﬁd compared with
the t;tal cross sections of Bratenahl, et aloyvbf C‘ook9 MecMillan,: -

Peterson, and Sewell6 at 90 Mev, of Deduren and Knabi‘i.ep7 at 95 Mev,

and of Deduren and Moyer8 at energies from 95 Mev to 270 Mev, These

4 s, Fernbach, R, Serber, and T, B Taylor; Phys° Rev. wgg 1352 (1949)

5 It has recently been pointed out by Pasternack and Snyder, Phys° Rev,
80, 921 (1951), that the calculational method may introduce some
error into the theoretical curves., By using an integration method
instead of evaluating a series of ‘Legendre polynomials, they were
able to match the transparent nucleus model to the experimental
p01nts at very small angles as well as at w1der angles.

6 1. J, Cook, E. M, McMillan, J. M, Peterson, and D, C. Sewell,
Phys. Rev, 75; .7 (1949) '

7 James DeJuren and Norman Knableg Physo Rev, 77, 606 (1950)

8 J. DeJuren and B, J, Moyer;, Phys. Rev, 819 919 (1951)
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are all neutron experiments, but the results may be related to the
proton results. Because of the Rutherford-scattering, the curve to
be integrated must be corrected at small angles in order to compare

with neutron results (see Section ¥, B).

B. WaVelength of Particles in Present Experlment

Bratenahl et al, cons1der the energy distrlbutlon of their neutron -
beam and the energy dependence of thelr detectlon effic1ency to arrlve
at an effectlve energy of 83 Mev for their particle59 giving a DeBroglle

wavelength of 3,05 x 10713 ¢ cm, The wavelength of the 340 Mev protons

~used in the present experiment is 1.43 x 10~13 cm, This shorter wave-

1ength causes the diffraction patterns to be more concentrated in the
forward direction, making.intensities higherland thus more.easily oth
servable above background° This narrowing'also-makesinecessary.the use
of instruments of high angular resolution in order to detect the details

of the diffraction pattern,

C. Relatlve Merlts of Neutrons and Protons

Protons have several advantages over neutrons in nuclear ‘diffrac-

tion experlmentsy' It is very easy to select monoenergetlc protons by

:means of magnetic fields and slits., The use of monoenergeticlparticles

greatly simnlifies the interpretation of the results, since'it.prevents

"washing out" of the minima due to energy spread

The efflclency of charged—partlcle detectors is much higher than

the efficiency of high-energy neutron detectors° The detectlon thresh-

old for proton counters may be easily fixed by 1nsertion of energy—

attenuating mater1a1 of the proper thickness, thus 1nsur1ng that
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essentially all of thé particles counted are elastically.scattered

and that there is very little contamination from inelastically scat- v

tered particles, | |
There are some disadvantages to protons, however. “The foure

nuclear scattering is distorted by Rutherford scattering-of the pfoton | ¢

by the nuclear charge; The nuc]ear and Rutherfefd'scatteriﬁg are co-

‘ herent, so there may be 1nterference between them, but the energy of

»thls experlment is high enough that Rutherford scatterlng is 1mportant

_enly at very»small angles,; and is negliglble in the region of the minima

“aﬁd secondary ﬁaxima

Protons are multlply scattered in air and in the scatterlng tar-

- get° This must be con31dered in determining the angular resolutlono

The energy loss due to ionization must be cons1dered 1nvdeterm1n1ng

the energy threshold.

D, Electric Quadrupocle Moment

'If the shape of the nuicleus is ellipsoidal rather than spherical,
and the nuclei are fandomly oriented in the.seattering targei, the dif-
fractioe.patternbmay be expected'to be.altered in much the same way as.
the alteration due to nuclear transparencyo_ Since the nuclear electric
quadrupole moment is considered to be a measure of the'departufe from
spherical symmetry, the results of this experiment may be used to-set
_upper.limits upon the electric quadrupole moments of thelnuclei meas-
ured, In erder to separate the transpare?cy effects froﬁ the quadru—
pole moment effects’the diffraction pattern of a nucleus known to have
a high sfin is compared with those of its neighbors heving_spins of zero

or one-half, Nuclei of spin zero or one-half are expected to have

<
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-spherical symmétry.since»their spins are not able to establish a pre-
ferred axisb ‘The transparency effect is expected to be;e smooth func-

‘tion of ‘atomic mass number.

II THEORY . -

A, Coulomb Correction

The exact solution of the wave equation involving both Coulomb and
nuclear force fields is in a series of confluent hypergeometric func-

tions. . Since the bombarding'energy in this experiment is much higher

- than the-Coulomb barrier energies of the nuclei involved, the effects

of the Coulomb field will be neglected as a first approximation. There.
fore theetheory'will be given for the neutron'case, with corrections

which should come out of the exact solution indicated.

B, Neutron Solution in Partial Waﬁesg

The wave fuhction'for the scattered neutron ﬁave, which is ob-

tained by subtraeting the'expression for the unperturbed incident plane

wave from the solution for the case in which the scatterlng nucleus

is present may be represented asymptotically at large distance r

~ from the scatterlng center, and at an angle 8 from the direction of

the incident beam by

\l?/ scatt =

The method of solution in partlal waves was orlglnated by J, W, Strutt
(Lord Raylelgh), and presented in Proc., Lond; Math. Soc. (1) IV, 253
(1873), as a method of, solution for optical problems, Its application
to nuclear physics is presented in most standard texts on wave me-
chanics., (See for example, Leonard I, Schiff, Quantum Mechanlcs, McGraw
" Hill Book Company, Inc. (1949), PP- 103-121)

o0

21kr ;g;: (22"+ 1)(3215L -1) P - (cos é), | (i)
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where 8y is determined by matching the solution of the wave equation
'in the field-free region to that within the boundaries of the’ séa%teri_ng
potential, If there is no absorption in the scattering micleus, 8,

:‘Lé a real number measuring the phase shift between the Lth partial

$3)

wave 'in the diverging compdnenté' of the wave function with scattefer
preé‘ent and the corresponding‘ Ath c_omponent Qf‘_the_ unpez_ftur‘ped plane
wave, In ‘fphe case in:which absorp_tiop -j_s' also present, 51?/ is a complex
‘ vsl =4, + 1,8/6 o T (2)
whex:é rﬁ,& 'is the exponent determining the absorption of the fen
partial wave, | - |

’ '-,::_'The. {th partial wave may be identified with particles 1n the
beam which have an angular mbmentum‘ equzil té ‘. {h with respect to the
cénter of mass of the system, whig:h is ‘prvactica;!.ly the center of_'ma‘ss
gf the égatﬁering nucleus. | Since the wavelength of the Vincivden‘l; par-
tic_le%_ is appreciably smaller than the nuclear radius g it makes sense
.‘_‘c,o spéak' of the particle colliding within the area rep':resen_'tea'bf‘ the
crbss $ection of the nucleus‘o If the ‘impact para;neter is byr ., |
the anéﬁlé.r momentum, which is equal ﬁo fbe product of the linear mo-

mentum _and the impact parameter, is allowed the values

pb = Lk, from whicﬁ L= —%— -f% =kb (3)

For the Pb nucleus, values of L up to nearly AL = 4O should be
. allowed, for 340 Mev particles, since the ia.rgest ‘%ralue of impact
- parameter at which nuclear forces can be felt is equal to R, the

nuclear radius_u " Particles passing at lafger distances shoﬁld be

w»
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unaffected, so that no components of the scattered beam should arise
from L > KR

The-corresponding solution for the proton case would contain,
10 ' ‘

besides Oy, , an additional phase shift
€. ="Mg -n ln2kr, R ()

wheré h, depends.upon the charges, masses, and relative velocities of
the interactiﬁg proton and.nucleué, and )12; is the argumentldf:a i
function which depends upon n and L. fhus the method of'ﬁartial
waves.is not strictly applicable to the proton case, but gives an asymp-
totic solutieﬁ independent of >r only for force fields of finite range.
The higher values of £ which Qbﬁld be introduced by tﬁeVCoulomb_field

give contributions to the cross section only at extremely small angles.

C. DNuclear Trangparency‘

In the opaque nucleus theory it is considered that all particles
which strike the nucleus are "absdrbed,".i.éég removed from the high

energy beam by inelasfic processeé; "In this case Bﬂ_ will be infinite

T for0£ [ = kR, and zero for A greatér than kR. Thus for the per-

fectly ébsdrbing'sphére the scattered wave,{EquatiOnu(i);ﬁbeéomes
' ’ 0 URCRR . ,
\If' : o eikr Z L+ 1) P ( 8) S (5)
Y seatt & - oo A . (2L +1) Py (cos &) 5
_ =0 ‘

It is“ihtéreétiﬁg.tq note that these components of the scattéred wave

are just the corresponding outgoing components of»tﬁe unperturbed,pléhé

wave shifted in phase by 180° This is equivalent to,réﬁoving‘these

10 schiff, op. cit., page 119
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outgoing components from the total wave field, which is_jusﬂ what would
be expected from a perfecﬁly_absorbing sphere and is an‘éxamplé of .’
Babinet's principle from physical optics.

The differential scattering cross section per unit solid ahéie'

'-which is just the square of the'amplitude of the scattered wave multi-

- plied by r2, is seen to be
QR . o 2
L@ -2 > erenr, (wse) | (8
T (8) 2 £ (2L +1 g (cos € |

"This distribution is equivalent to the optical Fraunhoféer diffraction

'patterh of plane light waves of wavelength A =2n/k by an opaduei

'diSk’df radius R' = R + l/k;. It is usually given for small angles as
R | 2

31 (2R sin 5 ©)

1 2 (rr)k . | (7
4 1 kRt sin-z.e .

aw
?ﬁi(?)v =

where_Ji is a first»order Bgssel funqtiono

If there is not_cbmplete absorption of thbSe particles which'strike
the hucleus, the problem is one of diffraction of the incident wave by a
spherélgf material éharacterized by an index of_refractidn aﬁq an ab§°rp°
‘tion coefficient. The index of réfrgétion is.due to the fact that‘the
magnitude of the propagation vectﬁr may change within the nucleus due to
‘the nuclear potential well. The absbrption coéfficient arises from inter-
action of the incident particle with individual nucleons in the nﬁcleus,
which is postulated to be the method of removing particles from the beam
by'giviﬁg rise to'inelaéﬁic.scatteringo The absorption coefficient used

by Férnbach, Serber, and Téylér'is just the numerical densiﬁy of nucleons

in the nucleus multiplied by the nucleon-nucleon scattering cross sections’



'K is the absorption coefficient given by

=13

obtained from n-p and p-p scattering_expefiments and modified to allow.
for the suppression of small momentumvtransfers in the nucleus due to

the Pauli exclusion principle. -They obtain for a spherical scatterer

‘with a nonreflecting surface:.

45 <KR

R AR . R e |
\I/ écat'p .—-‘ Yo ; . »(.22, j]_)= Ee 1 SL"];‘PQ,»(COS.G)» (8).

_ where kl-is the change in_propagation constant upon entering the nucleus,

\

: = Lm13?.3 [ %o’np(ffee), + “(A - Z)-[]; (%6’9?(freé) Zl ' | (9)

and gL-‘is essentially the path length, within the nucleus, of the particle

having angular momentum equal to  [h,

e - 03] |

k-

(10)

The criterion for nonreflection is that the potential must not change

appreciably within one wavelehgth. 'The factor'of 2/B'qomes from the

'suppression of small momentum transfers to nucledhs within the nucleus

due to the exclusion principle reducing the number of states available
to the struck nucleon. The l/h comes from the action of the:éx¢1ﬁsion'

principle in excluding certain interaction states for p-p'cbllisions,"‘



“1-
'IIT EXPERIMENTAL PROCEDURE

A, General Method

In Fige 1 is shown a diagram of the experimental layoutq__Thevcolf
limated external proton beam of the 184-inch synchrocyclotron beam is
‘monitorédbby an argon-filled ionization chamber whose collected charge is
integrated electronically. The scatterer; which is a thin sheet of mate-
'£iéi‘ﬁith a cross;seCtionél area considerably_greétér thaﬁ the beam area,
is placéd in the beam; and the scéttered prdtonSIAre deteéted by a triple-
.coincideﬂ¢e scintillatiqn*counter proton telesbogeqwhich is shielded from
particles which may scatter from the mouth of the collimétor or from the
ionization chamber; The number of incident protons is determined by the
charge collected by the ionization chamber, and the number of prétons.
scattered at an angie © into the solid angle offered by the telescope is
determined by the numﬁer of counts from the"teiescopeo These two num-
bers may_be used to determine the differéptial séattering cross‘section,

as 1s shown in Section V.

Bo Source of the Protons

When a thin scatterer_is placed.in the full enérgy circqlating_
‘.proton beam of the 184-inch synchrocyclotron some of the protons are
multiply scattered at such an angle that they enter the magnetic de-
flecting;chgnnelll and afe removed from the main vaguum,chmnbér into an
evacuated tgbe which cafries them through an dpening in the main con=-
crete shielding into a separate shielded enclosure usually referred to

as the "cave," as shown in Figo 1. The duration of the scattered beam

11 | |
Co Eo Leith, Phys. Rev. 18, 89 (1950)

<)

<
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pﬁlse is 20-30 microseconds with a repetition rate of 50-60 per second.
The energy of the protons which. are accepted is determined by the path in
the magnetic deflecting channel andiby the path through the beam focusing
magnet which directs them down' the straight portlon of the evacuated tube
into the cave. The energy of this beam is known from the curvature in
the magnetic field, and has also been measured as described below to have

a rangé‘in”Cﬁmbf'9397 gm/cm2 which corresponds to an energy of approxi-

mately 340 Mev. The energy‘may vary by a few Mev from one day to another

due to slight differénces in the setting up of the deflecting system,

but the variation is certainly not more than * 1 percent.’

C. Collimation.

The beam is collimated to the proper éize consistent with the angu-
lar resolution desired bybmeaﬁs of a 48-inch long brass blﬁg which is
inserfed into the evacuated tube.where it passes through the 15=foot
concrete shiel@ingq For most of the runs, the collimator used had an
inside diameter of 1/2 inch and was tapered toward the Quﬁer end to a
diameter of 3/4 inch in order to decrease the probability of multiple
scattering from the collimator back into the beém;l This gives a beam
at the scatterer of approximately 5/8-inch diameter. In order to éut
down the background of neutrons and gammamrays due to the stopping of
protons in the collimator, a coilimating slit'is placed in fhe beam just
priér to the beam focusing magnet. Those protons which do not pass
through the slit lose enough energy in thé.collimator wall so that they
are over—defiec;ed in the beam focusing magnet and do not find their

way down the evacuated tube to the cave. For the high angular resolution

runs, the circular collimator,in the shielding was replaced by a

s
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fectapgular collimator in order that the scattered beam might appear to

come from a line source instead of a cicrular source, thus increasing

the angular resolution without atAthe same time introducing too much of
a décrease in counting rate. | N

During'thé course of this.experiment it was discévered that when the
premagnet coliimatorlis wide,open-thé croéS’section of.the beam éé it
enters the cavé is concentrated mainly in a line about 1/32«ihch thick;.“
and tilted at an angle of about 13° to the horizontal, as shown in Fig; 2
The rectaﬁgular collimator used is 3/16 ins x 3/ in. When it is used to
replace a 1/2-inch diameter circular collimator, the counting rate is
not appreciably changed. The rectangular collimator is tilted tq line

up with the beam cross section.

' D. Setting of the Scatterer

In order that all of the protons elastically scattered‘intovthe tele-
scbpe at any given angle will have traversed the same path length and
thus have lost the same amount of énergy by ionization in the target, the

scatterer is not placed perpendicular to the beam, but is inclined to

the perpendicular at half the angle by which the telescope is inclined to

the beam.

~E. Counting Rate, Background; Accidentals

The triple coincidence counting rate is kept to ébout'one count per

beam pulse by controlling the beam intensity. At this counting fate,

‘the number of accidental triple coincidences is negligible, as deter-

mined by observing the counting rate as a function of beam intensity.

The_counting rates in the individual photomultipliers are much higher

than this. They are, in fact, sometimes so high that the mechanical
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- registers of the scalers can not follow them. Since the coincidence unit
‘has a high resolving time better than the scalers by nearly a factor of
'a hundred, this high individual counting'rate is not objectionable, as

.is borne out by the determination of accidentals'by'varying the beam in-

tensity,
‘After each datum run, a run is made under the same conditions except

that the scattering target is removed to determine background.. The back-

~ground is considered in determining;the»magnitude of the effect as well as

in?determining the statisﬁicaliaccuracy of the pointso _The background is
comparable to the true counpihg rate near and after the first minima of
the diffraction pattern, necessitating the making of long datum runs and.

long background runs in order to obtain points of statistical significance

_dn this region. 9dﬁ

In order to e}}@;natemany‘slowly_varyingvinstrumental errors such as
voltagebdrift_fqgm apparently changing thg.shape of the diffraction pat-

tern,.thé'dgppm points are not taken for the angles.in numerical ordef,

 but aréugaken at anglés much farther apart than the spacing desired in

the final points, with the intermediate points taken later. If the points
aken later were not consistent with the initial points, suspicion would

be directed toward such instrumental errors.

Fo Detection Threshold and Absorption by the EnergyAAttenuators"
.In”orde%'fo determine the detéction efficiency of the protoﬁ’téle—

scopé and to set the detection threshold, the telescope was placed in

‘the direct beam with ho scatteref'present, and the counting rate measured

as a functioﬁ of the thickneés of Cu enérgy attenuator preséri‘bo"Forvthis~

run, the beam intensity was so low that the argon ionization chamber could

not belused as a monitor. Therefore, the double coincidence counts:of

L
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‘the first two scintillators, which are before the energy attenuator,

:Wepe used as a monitor. Because of the thickness of the scintillators
and their holders, the curveACOuld not be continued'to gzero thickness,
The curve is shown in Fig, B;Vand it is seen that the curve may be extra-
polated to a ratio of_unity from a'thickness corresponding to the Cu
equivalent of the scintillators and their duraluminum holders; The curve
is seen to cut off at’én equivalent thickness of 93.7 gm/cm2 of Cu (mean
range); which corresponds to 340 Mev on the curves of Aron, Hoffman, and

: W’illiamsol2 The extrapolated range is 95.5 gm/cmzo_ Bakker and Segrdi>
have measured the extrapolated rénge of the electrostatically deflected

' proton beam to be 93,7 gm/cmza Ro Lo Matherlh has independently deter-
mined the energy of the electrostatically deflected beam by means of the
Cerenkov radiatibn in dense glass., He finds the energy to vary from 339
‘Mev to 341 Mev, depending upon the setting up df'%hé‘deflecting system.
Taking this as a correct value, and comparing the rangé with that of
Bakker and Segré, it is found that the energy of the scattéred deflected
beam may be as high as 344 Mev. It is expected tgat'the scattered de-
flected beam may have a slightly higher energy than the electrostatically
deflected5beém, since its orbit must expand to a slightly greater radius
than tha£ at which the electrostatic défléctor opérateso Bakker and Segré
indicate that the curves of Aron, et al. givé an energy which is slightly
'tqohlow due to the fact that ihey used too high an'ionization potential

in their calculatiohsb Since the ionization potential enters into the

12 S : , o
Wo As Arony; B. G. Hoffman; and F. C. Williams; Range-Energy Curves,
AECU-663" I : : - - T

13 ¢. J. Bakker and E. Segrd, Phys. Rev. 81, 489 (1951)

1 : : _ : .
4 Ro L. Mather, Ph.D. dissertation, University of California (1951)

Y
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_energy loss equation in é logarithmic term, the error is'expected.tb be "
small9 and the.discrepancy between the range-energy curves and thé measure-
ments of Mather may be considered to be:dug-tq-fhis errors.

The detection efficiency, which is determined by reading the ratio
corresponding to the thickness of energy attéhuator used in the experiment,
varies from LO percent to 53 percent in the various runs, but;is constant
-within a given run. In determining the energy-tﬁresholdslthe energy loss
of the protons due to ionization in the target must be added to the ioniza-
tién loss iﬁ the energy attenuator. The decrease in energy due to center
of mass motion must also be consideréd; but is hegligible excébt for the
lightest target elements used. . The decrease in the number of protons due
to inelaétic scattering in the target of particles which are also elasti-

cally scattered is negligible. .

Gs Lining Up the_Scattering Table

‘The detection angle is determined by setting the pointer of the tele-
scope arm at a'particular marker on the calibrated angular Scaié of the
scattering table. 'Thé 0% 1line is aligned with thé_prdton beam in the fol-
 lowing manner: h

After the cyclotron has been tuned up and a satisfactofy beam hasg
been obtained in the cévég X=ray fiimé are exposed in the beam at the |
front and réar of the cave. The developed films show darkened spots where
the beam has passed through them. The centers of these spots are used to
Stretch a striﬁgfthrough the cave in the position occupied.by the beam
center. Fiducial marks‘at the front and reaf bf the scaﬁtering‘table are
then aligned with respect to this string, a fter whiéh the string is re- |

moved and a film is exposed at the scatterer position as a check on the

6
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alignment. With reasonable care, it is possible to align the table to
within a small fraction of a degree.

IV MEASURING BQUIPMENT

'A. Tonization Chamber and Beam Integratdf'g"

The proton beam is. monitored with an argon-filled ionization chamber
opérated at a pressure'of 92 cm Hg and with a sensitive thickness of 2,002
incheso The multiplication“faétor of the chamber has beén ﬁéﬁsured by
_ comparison with a Faraday cage and found to be11095't 157for 340 Mev pro-
tégao The chamber-isroperatéd{at,a voltage high enqugh:SO thaﬁ thére is
no detectable ion recombination before collectiono |

The charge collected by the ionization chamber is-stored in a stand-
ard capacitor whose voltage is continucusly recdrdéd upon. moving paper
"fabe*by>means of a Speedomax recorder fed ‘from a feedback d.c. amplifier.
* The dmplifier maintains its input grid at ground poténtial so that ‘the -
léakagé in the éignal cable leading to the capacitéf is négligiblé and
the capacitanée of the'cablevdoes noé'havé.to be considered in determining
the total charge collected in terms of the recorded voltage. The re-
cording circuit automatically recycles after attaining a predetermined
voltage, so that the leakage is reduced since the capacitor is never -
charged ﬁﬁ a ﬁéry high Qoltageg The recording circuit automatically cali-

“brates itself periodically against a standard cell.

B, Scatterers
The C, Al, Cu, Ni, and Pb scattering targets were machined from
stock materials. The Ta and W targets were cut from stock foil. The

S, Si, and Mg targets are pellets which were compressed from powdered



e

stbckso The Siiﬁargets contain a small éﬁbuﬁﬂ of hydroé(fbéﬁ binder.
The Bi targets were cast. After foming, the téfgetéhére wéighed on’
chemical balances and their dimensions measured with micrometer calipers.
The weights and dimerisions thus determined are used in'the calculations.
The densities were also co;leulated and compared with known densities to

. rule out, the possibilities of "blow-holes" or voids.

C. Energy Attemuators

.'”Tﬁé;enefgj attenuators are two inch square siabé of Cu machined
frdm stock méterialéo They were weiéhed and mé@éﬁred‘in'fhe same manner
" as were the scattefihg targets, Their densities were found to agree with
the knOWn'densityo | | A e
D. Proton TéleScope .

: fhe sc&tt@red protons are detected‘by a‘triplgecoihciQanevgcint§1=
lapioh.countér telescope consisting of three tréhsqétilbeﬁe.crystgls‘gach
viewéd by.af1P2l elecfron photomultiplier tubes The signals from tpgz
" photomultipliers are amplified, clipped, lim;ted; and fed to the coincid-

;enée circuito'_Ip,is necessary to limit the amplitude of the pulsesiaince
| the background includes a great number of inélasticg};y.scatyered protons
.which are going slowly in the first two_grystalsi thus giving pulses very
Mmuch-largen_than’those.dqe to the elastically_scatpereqJpagticlesq, These
large pulées are‘apt~to.five feed-through unless all the pulses are limit-
ed to some standard heighﬁ° The coincidence circuit is found to work
mostfefficiently when all the pulses are of the order of-two'vdiﬂs in
amplitude;

Where they are not'tdg'high; the single and doubié'COihcidenée

couhtiﬂg rates are meésuféd asvé'moniﬁor‘of the oﬁeration offthe'équipment;
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Angular.resoluﬁion’of the telescope'is determined by the_opening.
in a one-inch thick Cu collimator placed between the first aﬁd'second
phosphors. Thié thickness is sufficiéﬁt so that any particle missing
the opening will nbt'be'qounfed in the last crystal.

In order tovdecrease\fhe;individual counting rates the.entire tele-
scope is enclosed in_a'l/h—inch thick Cu box to keep‘out the general;

"~ background of slow particies whicﬁ exists in the cave. In front of the
first_crystal'is.plaéed a three inch long Cu block having in it a hole of
the same size as and.aligned_with the hole in the collimating blocke It
has Been determinednﬁhat the pfesence of this block appreciably decreaées
the single counting'fates of the first and second phosphors, by-keeﬁiﬁg A
out randomlj directed'particles.’ _

The first_and-Second phosphbrs are made only slightly larger thén
the opening in the COllimating block since the background counting rate |
is dépendent ﬁpon the whole volume of the scintillgtors, while ohly.the v
portion offered to the'collimator.is effective in giving true counts.

The last»crystal is made appfoximateiy an inch agd a-half square in ordef
to count a large portioh'of the protons which are multipiy 5catteréd ini
the energyvattenﬁating Cu blocks, |

The stray mégnetic-field-iﬁ the cave due to the cyclotron magnet isg
about 20 gauss. Sihce photomultipliers dornot'operate well‘in this field,.
the-entire telescope is enclosed in a magnetic shield of_one—eighth inéh
thick mild steel with a 1/}-inch thick 1id. The magnetic shield has a
holevin the front ﬁall to allow the scattered protons to enter.. The pro—f

ton telescope is shown in Figs Le
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Fig. 4
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Eol Sca@tering Table

. The proton scattering table is shown in Fige 5. There are adjusting
screws to‘adjust the vertical and horizontal position of.thé tab}e during -
the lining-up process. The targets are mounted upon a remotely controlled -
_hexégonai wheel allowing sevefal targets tb be fuﬁ at the.same 5cat£ering
angle withdgt necessitating a shut-down of the cyclotron in order to enter
the cave. Pilot iights at the control station indicate which target is in
‘the scattering position at any tiﬁeo | |

The protoh telescope‘is mounted on casters and is clémped to a rigid
Idnrél_channel‘which keeps it pointed at the scétterer. This 56-inch long
arm is pivoted by ball bearings upon the shaft which éupports tﬁé scatterér
wheel. At fheabuter end'of'the-arm is a vernier scale which moves with it.
and is read with fespeét to 1°.markers upon thé table top.

In order that the target w'illb'alwa'ys_ be set at half the angle at which
the ﬁeleécope is.sef,’the scattérer'support is connected ﬁo the telescope
_arm by means of an equal-arm pantograph; which insures. the bisecting of
thé angle. | 7

In order to take advantage of the line character of the scattered
deflected beam after it was noticed, a tilting scattering frame was con-
structeds The geometry 6f scatteriﬁg is the same as for the.original scat-
.tering ﬁaﬁle, but the plane in which ﬁeasurements are made may be tilted
to make it.perbendicular to the'"liné soﬁrce" which the beam produces as

it strikes the scatterer. This frame is shown in Fig. 6.

Fo Angular Resolution

The angular resolution of the experiment is determined by the size

" of the beam at the scatterer and the distance to and size of the teléscope
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collimator opening, as well as the angular divergence of the incident beam
and the multiple Coulomb scattering in the scaﬁtering targetg The thick=:
ness. of the targets‘is so chosen that tﬁe'mean square angle offmultiple
scatteringAiﬁ them is not greater than the desired aﬁgularvfésoiutiona

The totél air path of the protons from the exit of the_évacﬁatéd
tube to the telescope is two meters. TheYPOOt mearn square dispiacemgnt
of 340 Mev proéons.in'this path length is 1.8 mm. This displacéﬁént at
the telescopélwould correspond to an anguiér spread of approximately

£ 0,1%

Go Cgincidénqé Circuit

The chﬁcidéhce circuit used in this experiment is a Rossi fype
quadruple coigcidence circuif using a crystal.diodé as a diodg.clamp in
the plate cifcuitg and a crystal diode signal expander circui£ in the
output. It was designed and constructed at this laboratory by:Rs Madey
and B. Ragent for use in meson experimentsB and is very sﬁﬁilar tb one
constructed by Garwinol5~ In order to:use this as a t:iple.coingidénce
circuit, theﬁsignalVfrém one of the phqtomultipliers is split and fed
into tWO'différent channels of the coincidence cireqito The resolving
time of the:coincidence éircuit is approximately 2 x 10‘=8 seconds. The
signals frdm.the‘photomultiplier39 after_shapings are amplified by
Hewlett-Packard type L60-A distributed amplifiérs before being féd to
the coincidencg circuit. The coincidence output is fed through é linear
amplifiér to a scalers

In order to insure that all of the protons scattered into the tele-

scope are counted, a check is made of counting rate as a function of the

15 R, L. Garwin, Rev. Sci. Instr. 21, 569 (1950)
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) phoﬁomultipliefvtube'supply voltage; “As the voltage is increased it is
expected that more of the: weak pulses will be made large enough to cause
'COuntso At excess1vely high tube voltages the thermal noise level is.

‘ expected to be so high as to‘glve accldental coincidenceso In Flgo 7 is
'lsh0wn_a typieel-plotlof triple,coincidence counts per uniﬁ integrated
beam as a funotion of tube voltages It is seen that there is a very broad
‘plateau in which éll of the protoﬁs arevbeing‘oouhfed, but accidental

coincidences are‘negligibleo
V  CALCULATIONS

K. Differential Scattering Cross Section

If the cross section does not vary appreciably over‘the angular
reglon accepted by the telescope at avgivenvnominal'angle’ the number of
true counts expected in the proton telescope when n protons are 1n01d-

ent is given by

% (o) =" Nn T, Ts._‘;%’ (8) QL o . (11)

wheree

N is-the number of scattering nuclei'per square centimeter, and .
is given by N = ?yDX/A with ifoxéﬁeing the surface density
of the scaﬁterer in gm/cm29.7] Avogadfo‘s numberi(6;023 X 1023),
and A the atomic mass number of the scattering material.. |

n is ﬁhe‘number offihcideﬁt prooons, which is measﬁred by the .
ionizat.:ion‘ chamber, and is equal to .CV/ef, with C being the
~capacitance of the COllecting'capacitorg.V the voltage to which

‘the capacitor is charged, e the electronic charge (1.602 x 10

-19
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coulombs), and f the multiplication factor of the ionization
 chanber. e
vLTa ,is.ihe transmission fa@torvof ﬁhe energy attenﬁatér and Pglesqope,
'whicn is varied from o;z,s to o;56 for the various runs, |
Ts; 1s the transm1331on factor of the scatterlng targeto_ _
| AL 1s the solid angle subtended by the proton telescope, =S/a2,l
_ w}th S bglng the area of the openlng in the colllmatlng block

and a the distance‘from the écatterer_to the collimating block.

- d : R ' : :
‘ _E%i (G) is the differential elastic scattering cross section.

It must be noted that N varies as (cos 1/2 9)”1 since the target 1s turned

through 1/2 8.
Collectlng all of the terms, and expressing the differential_éroés

section in terms of measurable quantities and universal constants:

do - - K(e)

—(9) = (12)
aw Bil fTaTs 27 o3 1726

‘For thé purpose of calculation, the constants are collected, and calculated

for use in each run, the formula used being:

K (8)

Eﬁi(e) = (cos 1/2 8) x (constant) (13)
The true countihg réte is determined from the actual data by subtracfing
the background counts per integrator volt from the actual countsvpér'inte—
_ grator volt recorded during a datum run. The stdtistical deviation due to
the cgunting.statistics is the square root of the Sum‘of the squares of

the individual deviatibns of actual and background counts per volt.
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B;'“Tétal Cross Sectian‘for Eléstic Scéﬁtefiqg -

The tbtal elasﬁié scattering crbss section is fouﬁdvbj inﬁegfating the
" differential cross section over all angles, ;While'the‘measufemenﬁs‘do not
give a true picture of nuclear scattering at.extfemely small anglesvdue |
to Coulomb effects, the total solid éngle inciuded in these angles is very
small and does ﬁot contribute‘mucho Aé an approximation_fbr the intégfa—
tion, the differential cross section curve is maae to approaéh the zero
dégreé axis in the same manﬁer as was found in ﬁhe &3 Mév neutron resuits'
~of Bratenahl, et aloz The_contributions_at_angles lafger than those meas-

ured will be small but finiteo.

C. Angular Resolution ‘
The angular resolutionvis detenmined‘by the geometry»of the detéction '
system and by the thickness of the scattering target. The size-@f ?he .
béam at the target, ﬁhich determines the'éffective_size of thé sdﬁrce which
the telescope sees; énd thé size of the openingiin'the teléscobé collimat-
ing block are so 6hosen that the maximum déviation from the nominal scat;
tering angle at which a proton may be scattered and still'be detected is
equal to the no&inal angular resolution. The éngular‘deviation at which-
the intensity falls to half maximnm.isusomewhat smaller than this. The
angular spread dﬁé to mulfiple Couiomb ;eétteringiin thé target is Gaussian,
with the ﬁhickness of the target so chosen that the half-width at half,
maiimuh is equal tobthe‘nominal angular reééiuﬁiona |
' The angular divérgence of the incident beam is'negligiﬁle‘in the
detennination of anguiar resolution due to the long path'frém the cyclotron
to the caveav The main function of the collimatoré is t§ limit the.size of
the'béams With'improveﬁént of angﬁlar'sbreéd of fhelihcident beam of sec-

ondary importance.
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VI RESULTS AND CURVES..

A. Angular Distributions

- The data for the.angular distributiéns for the elements measired ‘are
~tabulated in Tables i thfough'lv;‘and_plotted in Figs. 8 through 21. The
différeﬁtial el;stic scattering cross section in barns per steradian is
,Shown,as'a fundtiQn‘of the éngle of scattering in.the laboratory system, .
which is equivalent to the beﬁter'df mass.system except for'large angles,
where the difference ié a few degrées for light”élemenﬁso The center of
 mass angle 1is larger than the laboratory angle by 3050 at 50° for Co The
difference is- only 1060 for Al at 500, It is correSpondlngly smaller for
the heav1er elements. The barn is the usual unit for cross section measf
urements; and is»eqﬁal to 1072k cmzoi'The‘errors'shown are the usual
standard deviations bésed upon counting staﬁisticsa |

Becéuée of the large'variatibh 6f_ﬁhe créss sections with angle,
the cross section scale is made'logarithmic'in the curveso' It is interest-
ing to note that the ratlo of the cross sectlon of C at 5° to that at 500
is about 60,000° Tt should be noted that the data are not all plotted
~with the'same.scales,

A1l of the data having a given’anguléf reSOIution:for each éngle-fér
eaéh target element are.combined, but the rééults forvdifferént resolu-
tions are given separatelyo | -

In Flg. 22 the p051t10ns of the maxima and mlnlma of the measuredv
 diffract1on patterns are plotted as a function of_atomlc mass-number.

The data is tabulated in Table V. It éhould be noted that these points‘:’
- may be fltted by an A’l/3 line, whlch should be expectedo ) ‘ |

The curves shown are the predictions of the tranSparent nucleus
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'theory;‘USing'the constants appropriaté to the neutroh Pesﬁlts°. On the
Al curve, the datum points of Bratenahl, et al. have been plotted, with
~ the éngle multiplied by 0.469, ﬁhich_iS‘the ratio of the wavelengths in

.the tﬁo experimentsg

B, Total Elastic Scattering Cross Sections

The_totai'croés sections for “nucléar" elastic.séétteriné are found
by continuing the curves tqward'zerb degfeesiin the same shape as was
found in the ﬁéuﬁfonléasélby Braténahl,'et:alg Thé'resulting:cufvés‘are
then inteéréted to‘determine the total élastic{écaﬁtering'droés sectibnsg

The réSults $rs tabulated in Table VIo
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TABLE I

Summary of dlfferentlal elastlc scatterlng cross section measurements
The errors shown apply only to the
relative magnitudes and do not include a possible 5 percent error in
' assigning absolute magnitude. }
Those values marked by an asterisk were measured in only
. one run, and are thus subject to more possible error than are those
measured in several runs.

having ¥ 19 angular resolution.

runs madee

The data are compounded_from all of the

[Angle in j -
Degrees Cu Ag Pb
5 9.51 -f_oazs* 17.24 L 0.57¢ 33,8 % Lol
6 6.915 % 0.13 19465t 0.39% | 15.46. % 0.60
> 278 Eo.0m | 3.02 - % 0.28%
8 16375 Z 0,028 1,31é= * 0,067 1.415 = 0,09
10 © 00302 £ 0.011 0.328 % 0.015 1.231 * 0.049
i | 0.113 % 0,011 |
12 | 0.1136 % 0.0049 0.332 % 0,015 | 0;328.j1 0,026
1 12% . 00146 E o.olv? | 0.381 % 0,086+
13 0,1397 % 0,007 - |
U 0,1258 £ 0.0039 | 0.1751 t0.0082 | 00159 % 0.017
15 0.1485 % 0,0060 o |
16 0.0834 = 0.0038 | 0.0739 t 0.0051 0.157 * 0,016
1% | 0.0746 % 0.0081% | 0.196 £ 0, oa3*
18 0,039 i‘o°§026  o;oszl_i b.ooa5 0.0720 £ 0. 0082
20‘.- 090264 F: 0.0011  } 0.0331 Z 0.0021 '0,6546 20,0048 |
22| 0,094 %0.0016+ | 0,032 % 0,003 |  0.04,08 £ 0,055
25 10,0110 . 0.0029% | { |
30° 0.00312 £ 0,00066 | 0,0057 £ 0.0013 |  0.0061 % 0,002
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TABLE

II R

Summary of differential elastic scattering cross section measurements

having * 1/2° angular resolution.

The errors shown apply only to the -

relative magnitudes and do not include a possible 5 percent error in’

assigning absolute magnitudes
runs made. .

The data are compounded from all of the
Those values marked by an asterisk were measured in. only one

run, and are thus subject to more possible error than are thosameasured
in several runs.

vAngle‘lnﬂ o

|Degrees c Mgt Al _ "Six
5 1.866 % 0,016 | 2,61 % 0,09%
6 |0.905 *o0.019 | 2,137 % 0,059
7 |0.609 0,013 | 1.552 % 0.054%

B o657 to.oum | |
8 |ossm ® 0.030% 1,194 % 0,060
10 {0.3095 % 0,0056 | o543 % 0.028%

‘11 [0.233 fo.ou | fo.289 % 0.015¢ |
12 |0.179 * 0,007 |0.2062 :;000031_0;17a9 -iAooooz9 0,2007 * 0.0080
12k loaso fowoos | .| EERR
13 |0.1253 * 0.006% | ;__v.'a- o104 % 0,006+ L
L [0.0956 * 0,005 10,0954 * 0,0028.0,0553 * 0,0018 [0,0749 ¥ 0.0028 |
15 |0.0635 +0.,0025 | - - |0.0338 fo.003| .
16 0,0522 % 0,0035* 0004953t‘o;0022:0002623 £ 0.0009 0.0424 i'b 0020
| 0,033 £ 0,0019 [0:0162 £ 0.00074D.0318 £ 0,0018
174 o.0320 *o.00e¢| | o s

18 [0,0260 * 0,0025% 000315'i,000615V04018A: £ 0,0006 [0,312 % 0,0015
19 [0,019% ¥ 0.0009% [0.0292 £ 0,0014 Q,ozoi_’i'oooooé 0. 0319 * 0.0017

| 20 [0.0002 % 0.0005 |0.0244 * 0,0011 .01517 * 0.000520.0248 * O 0011 |
12 0,01906% 0,000980.01518 £ 0,000470.02254% 0.0010

22 S 0.0168 £.0.0011 [0,0L140 * 0.000490.0182 & 0.0011 |

p 23 |0.00641 £ 0.000%| . p.o123 fo.oom|
2 . 0.01198% 0.000620.00781 % 0.00036%0.01201% 0.00062] .
27 |0.00311 £ 00003 | . booowy %t o.000k .
30 |0.00143 £ 0.00022 | ~ .00171 * 0.0003¥
31 [0,00090 % 0.0002% 0.00157 £ 0.0003
35 . |0.000275% 0.0001* © D.00071 £ 0.0002¢ N
40  10.000302% 0,00008 | © .000245% 0.00007 '

50 |0,000044% 0,00003 10, 000080% 00000
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TABLE III

Summary of differentlal elastic scattering cross section measurements
The errors shown apply only to the
relative magnitudes and do not include a possible 5 percent error in
assigning absolute magnitude. -

having ¥ 1/20 angular resolution.

madeé.

The data are compounded from all runs
Those values marked by an asterisk were measured in only one run,

and thus are subject to more p0351ble error than are those measured in
several runsoA ‘

[Angle in —

Degrees S _ Cu Pb
6 1736 % 0.042¢ | 50248 *o.082 | 12.70 % 0.25
7 | | 3029 % o.om 40l % 0,20
8 | 143l 0,03 | 1.097 * 0,076
9 :,°f5h3 ' £.0,205 | 0,601 siv60015' 1.220 = 0.055
10 0.390 % 0.008 | 0.290 * 0.010 1,25, % 0.059
u | ~0.0782 ¢ 0.005% | 0,786 * 0,035
: 12 0,0862 % 0.0022 0.0743 i‘o;oba7.‘ 03028 * 0.023
12l o - © | o.03 *o.osh
13 | 0.0411 ¥ 0.0020 0,0851 & 0. 001 .0;125_ to.01p
u 0,0255 % 0,0011 | 0.1083 * 0,0052 0.083 * 0,017
;5  .00010171i 0.00073 :00089571 950025  0.1011 f.o,oio.
153 | o.0115 % o0.0010¢ o | |
16 0.0097 % 0. 0012%  0.0673 £0.0031% | 0,0939 X 0,0094%
17 | 0.01418 £ 0,00070 | 0.0502 * 0.0030¢ 6,0737 £ 0.,0096¢
18 | 0.01224 t 0.00082 | : ” o
19 10,0116 % o;ooosé 0.0181 % o,0015%' . 0.0390°% 0,006
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Summary of differential elastic scattering cross section measurements
The errors shown apply only to the -

~ having high angular resolutions.

relative magnitudes and do not include a possible 5 percent error in
These data are for a single runs

_ assigning absolute magnitude. '
2 1/80 b, 1/5%

lar resolutlon is indicated for each value as follows=

Angu~

e, 1/4°; d, 3/8% e, 1/2°.
Aﬁgié'ih o T o R
Degrees Ta - .5W : ‘ Pb - Bi
2.5 [505  t2ta  [s06  ta3oa  Joro  fam 772 %19
3 |162.0 8.6a 159 13 (185  *12b 1196.0 % g.50
4 55;9»_It 3.9a "51°o'l‘i 3.8a | 6305 T 643t 2.8
5 21.8 _'i' 1.8a | 21.2 t 1,92 | 24;4 & 2.2b | 23.97 £ 0,82
6 ‘6633 t 0,93 ‘7976, £ lda | 791 % 0.92b| 7.65 1 0.52c
O N 27 % 0:53¢| 2,10 % 0.46c
'7;5A:c '1;166'i 0.096d| 1.127 ; 60079d ' 0;69 2 0. 30c ro;75 ‘i 0;29c
s | ] ok 0300 | 0099 % 0.26e
895‘ ‘o 266 & d;ild. 50;7a',¥ OolOd_-'_Q;98! £ 0.45¢" 0;97‘fi “0.41c
807 .09752 s 0.086d] 0. 708 £ o.075d| o - R
9 . | o.728 % o;dsod.' ooéll_t‘_o;O7Ad 115 % _0;38c 1.6 % Oo2hc
945 0,786 £ 0.092d | o;éal‘i' Q;O§9d__ Q°9A?.i Q;séc 0,96 % 0.32¢
| 10 © 0.806 £ 0.090d 0,866 * "0.0824 | 1519»:i'20;35c 1.40 % 0.25c
n ousTL® iq°o74d 0.541 % o.065d| I R £ 0.20c
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TABLE V

 ANGLES OF MAXIMA AND MINIMA'

Element | =

1st Min.

2nd Mino

Mg .

Al -

.Si' :

s
Cu
Ag
Ta

Pb

“Bi

_ f; 21 (2)
17-1/2
S 17-1/2

17-1/2

©1sa/2

 :-11-1/2
9
8

| 3 ?5-1_/4 .
T-1/h

2nd Max,

19
- 1é;1/2

19

1,
©12

10

10

10

9-1/2

3rd Max.

15-1/2

¥
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- TABLE IV

‘. "’g_ )

TOTAL CROSS SECTIONS FOR "NUCLEAR" ELASTIC SCATTERING

No errors are indicated, since the value is very sensitive to

the method ofvcontiﬁﬁing the differential cf0331éections toward. zero

degrees. In some cases, the use of the datum'points at very small

angles instead of neglecting the Coulomb scattering by»continuing the

curves to match thé cérrespondingnneutron datavwould change the cross

. section by a factor of 2 or 3. It should be emphasized that the curves

were continued and the integration done systematically without_regard

to the expécted answer. Tabulated for comparison are the total cross

sectiéns and the ratio of inelastic to total for 270 Mev neutrons as

giver by Deduren

16

and by DeJuren and Moyer,8

Ratio of Inelastic

Cross Section Total Cross _
Element (This Experiment) | Section _(Ne'utrons) to Total (neutrons)
c 0.098 0,288 * 0.003 . 02505 £ 0,02
A 10,201 0.555 £ 0,008 o |
Cu 0.515 1.145 £ 0.0015 0,51 * 0,02
Ae 0,881, : |
J Pb_: 0.934 2.8, T 0,03 0.50 % 0,01 (av)
16

Jmnes:DeJureh,‘Physo Rev. 80, 27 (1950)
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| VII SOURCES OF ERROR

¢
{
N
4

A‘ Inhomogeneous Beam -
It mlght appear that the method of remov1ng the protons from the §
~cyclotron by scatterlng them into the. magnetlc deflectorrWOuld give a-
spread in the enerngSpectrumo Actually9 ‘the magnetlc deflectlng channel
1tself forms an efflclent momentum selectorm'
The beam is contaminated by low energy protonslduel§0'ine1astic scat-
tering processes in the walls of the collimators and the ionization cham-

i

. ber. .Most of these low energy protons are removed by the beam focusing
. . ' N . ’

magnet since the major portion of the collimation takes place in the pre-

-magnet collimator. . The lower energy particles will not be counted as

‘coincidences, but they will contribute to the total-charge collected by
N : S o : :

the ionization chamber, The number of such particles present is small

.. in comparison to the number of 340 Mev protons preeentp

B. Uncertainty in the Number'of Parficles

Bes1des the low energy partlcles which contrlbute to the uncertalnty
in the number of incident particles, there are other sources of uncer-
tainty. For an intense beam there is apt to be recomblnatlon of ions in
the lonizetion chamber before thée ions can migrate to the plates to'be
| -collected, The integrated charge collected by the 1on1zatlon chamber has

been measured against a Faraday cage as a functlon of chamber collecting

voltage. The chamber is operated in a voltage region in which the number..

of 1ons recomblnlng is negllglbleo
During a long 1ntegrat1ng perlod there is a p0331b111ty that scme
of the collected charge may leak off the collectlng capac1toro This

leakage is mlnlmlzed by use of the feedback d.cs ampllfler which keeps



e

17
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the_signel lead of the integrator cable near grcund potential at all.
times,_and by the autcmatic recycling which keeps fhe capacitor from
being charged to an exce351ve1y high voltageo |

Uncertalntles in the number of elastically scattered partlcles arise
from scattering out of the scattered beam due to multiple scattering and
elso from detection of'inelastically scattered partdcleso ‘Some of the
elastically scattered particles are ebsorbed in the scattering target and
in the ehergy attenuator. The ebsorption in the energyrettenuator is ac~
counted fbr in the measurement of the energy attenuvator effect in the |
direct beam, Absorptlon in the thin scatterlng targets is negligible.

Cledis,vHadley, and Moyer17 have observed "quasi-elastically" scat-

~ tered protons from several target materials, having energy and angular

distributions apprepriate to free nucleonenucleon collisions. if these .
coliisions were with stationary nucleons, their energy‘would go as cos? 6
and they would not be detected in the proton telescope of thls experlment
because of the setting of the energy threshold with energy attenuatorse

The data of Cladis,; et al. 1ndlcate a spread in energy attrlbutable to

the Fermi energy of the nucleons in the nucleus, which is sufficient that
some of the particles which are quasi-elastically scattered may have enough
energy to get through the proton telescope. The detectibn,threshold used

in this experiment is 330 Mev, so it is believed that not an appreciable'

~ number of the'quasi_elasticiprotCns get through. Some of the early runs

were made with 315 Mev threshold. The results of those runs are not stat-

' istically different from those made at the higher threshold.

Jo B. Cladis, J. W Hadley, and B, J. Moyer, Phys. Rev. 81, 649 (A),
(1951)
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Co Energy' Threshold

It is nct possible to determine exactly'the detectionithresncld:cf

" the apparatus because of straggling in the energy attenuatorp ;?erhcon—
venlence, the same energy attenuator is used in all runs hav1ng the same
angular resolution. For the better: angular resolution curves which are
included in this renort the energy loss in the scatterers which were
chosen so as to have multiple scatterlng angles approprlate t0'the angwlar
'¢resolution de31red varied by a few Mev° This means that the detectlon
threshold uas not exactly the same for all elements° The'variation is so
small as to be unlmportanto The same energy attenuator was used for all
angles;v Since the correction for center of mass motion is small, the
uariation of energy of elastically scattered protons.with angle is rela-
tively unimportant. As an extreme example;fthe energy decrease due to
center.of nass correction is only about -5 Mev fcr C at 300 Nearly all of
'the datum p01nts 1ncluded in this paper are at smaller angles than this,

where the effect is not even this largeo -

-De.  Double Scattering in Target
An uncertainty not yet considered is the possibility of a proton
experiencing two wide-angle scattering events in the target; thus ap-
"pearing at the wrong angle.  The probability for a'double scattering into.
an angle & is'proportionalvto the product of the probability of scatter- w
ing into an angle a and that for scattering into P, where € = a + B,

This should bevnegligible for thin targets and for the angles considered.

E.  Rutherford Scattering into Large Angles

- The differential cross section for Rutherford scattering of protons



" “should be important only up to about 2° for C and 6° for Pbe

. 20

-

by a point source of Coulomb field is given classically hyls

—(9) = . | | (1)
Sdfe ZMV2 : .Sinl“'; e S A

where Z is the charge of the scatterlng center 1n electronlc charges, e
- is the electronlc charge, M is the reduced mass of the system, and v is

. the veloc1ty of approach of the protono Eo Jo Wllllams 19 has con51dered

the relat1v1st1c case and has corrected for the flnlte size of the nucleus,

_con31der1ng the charge to be unlformly dlstrlbuted throughout the nucleus,

The corrected formula whlch he glves is:
2

do” | 2 . e _

T(e) = | __Ze . 1 - B - 1 . l ) 2, 159
R2 3 . . 1

o 2MyR2¢2 | . _srné 5 O |1”*(3F'Sln'§'6) 2 l' 5

where E is v/c, v is V1 - ﬁz » ¢ is the velocity of li‘ght, b is the
nuclear radlus, and X 1s the reduced DeBroglle wavelength of the 1n01dent
proton. This formula gives ‘cross sections of. 6.7 x 10"’25 cm and

7.9 x lO"26 am? at 6° and 8° respectively from:Pb. -These cross sections

are down by a factor of about thirty from the'values-measuredfih this

-‘experiments - For C at 10° the factor is greater than oné hundred.

"Mr. K. M, Gatha is at present undertaking the solution of the wave

“equation including both the Coulomb and nuclear effects and considering -

transparency.- His preliminary results indicate that the Coulomb effect
20

18 Schiff, ops.cits, page 117
19 B, J. Williams, Proc. Roy. Soc. 1694, 531 (1939)

K. M. Gatha, Private communication



62

It is interesting to set an approximate ﬁpper limit upon tﬁe eogle
at which a proton may scatter by Rutherford scatteriﬁgo The maximum
 sidewise momentum which the proton may acquire in'the eollision is pro-
portional to the sduere root of the Couiomb barrier energy of the struck
| nucieoeo The square root of the ratio of the barrier'enefgy to the:. total
‘klnetlc energy (incident energy) will then give an approx1mate upper llmlt
to the angleo For 340 Mev protons incident upon Pb, this angle is about
"12', whlle for C-. it is about 5% . |
o The angular distribution of multlply Coulomb scattered partlcles is
Gauss1ano ‘The probablllty for multiple Coulomb scatterlng 1nto an angle
greayer than twice the half-width at half maximum of the Gaussian is less
‘t'than the‘probability for single Rutherford scattering into the same angle,

19

which has been shown to be negligible.

VIII CONCLUSIONS AND CQMPARISON WITH THEORY

A, Angular‘Distributiohs

-The angular distributions are seen to.give diffraction patterns'as
expected, except for C. 'It'is even possible to detect a minimum fbr C,
‘but the datum points are not. close enough together to make the minimum
-certain. Since the transparent nucleus theor& considers a model in'whioh
thenucleus is a sphere with an index of refraction, the model probably
does not hold for such a'iight'nucleus_with its small number of nueleons;
The results of this experiment indicate that C appears quite "open" to
the 340 Mev protons.

The»felative heights of the secondary maxima_of succeeding orders

agree favorably with diffraction theofy'for those elements in which two

Lt
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seggn@ary:maxﬁna»have 5een oﬂsérvedo ”Thé'minima abpear at slightly
larger angleé than in the,theoféticai éurves9 indicating that the ﬁuciei
are probably even ﬁore'transpareht than ‘assumed in the trénsparent ﬁucleus
theory. |

The 83 Mev'ﬁeutfon'reSults méy be maﬁched 5y a nuclear radius given
by R = 1,39 x ].0""]‘3--’1&]'/-3 cme If the nuclear radii are calculated by
Equation (7), using the positi'o'r:ls of the first minima found in this experi-

ment, it is found that the radii of opaque nucleu which would give minima

_at’thosé positions would be given by a coefficient which varies from 0.8,

for C to 1.13 for Pb; This is again an indication of nuclear tfahsparencyu

B. Total Cross Sections for Elastic Scattering
The total cross Sections'fér nuclear sCattering,'omittiﬁg the Coulomb

part, were determined by counting squares on a curve of cross section per

© unit angie <:—g = do (8) 2n sin 6) plotted as a function of angle.

do
Although the total solid angle offered at large angles is much greater than

that at small angles, the cross sections fall off rapidly enough that the
contribution for angles greater than 300 is negligible in all cases. The
results of the integration are consistent with the neutron results. It

should be enphasized again that the continuation of the curves and the

integration were done systematically, without regard to the expected answer.

Co- Nuélear Quadrﬁpdle Moment

The high sPin nﬁclei show no statistiéally important differences fr@ﬂ
their zero-spin nelghbors, excapt that the Al minimum appears slightly
sharpef; The resolution‘is such that huclear eccentricities of less than

10 percent should not bé discernible,
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