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INELASTIC SCATTERING OF 30 MEV PROTOKS

" FROM CARBOK AND ALUMINUM
Albert S8ilverman
I, INTRODUGTION

. . The investigation of nuclear energy levels has been the subjeot
of a great deal of research in the last decade or so, and, ot present
@ rather large body of informetion has been escumulated on the subjaet(l).
Unfortunately, there is ne theoretioal interpretation that fits this
data into a unified scheme., In fact, some of the results seem to be
in gerious disegresment with even the most general notions of ruolear
L 4

atruatﬁrex for example, the failure of mirror nuclei to exhibit the

same 1avwl.etructura(z). It is clear that more experimental evidenos is

required on the metter, However, the information available is suffiocient

to provide a rather general picture of the behavior of nuclear energy
levels as a funotion ¢f the excit;tian energye The first few levels
usually heve éeparationé of about one hundred kilovolte®. One -

also knows from neutron resonance abserption measﬁremeﬁts that at
oxoitations eorteagonding to the binding energy of the neutrons (about
8 Mov) the levels are only several electron volte apart. Thus, the
goneral picture is one of rather rapidly decréaaing'aiatanee bét&aen
levels as the excitation incresses. Furthermore, the excited states

of nuolei decay eithef by & ¥ -rediation or by particle emission,

When the excitetion ig several Mev greater than that required te

*Phe energy of the first fow excited levels fluctuates wildly in
going from one element to enother and it may be slightly misleading .
to talk about en “average" bshavior., However, if one exoludes

the very light elements this difficulty is largely eliminated.
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liberate a psrticls, this process is more rapid than J ~radiation.

Let us conalder the region of excitation where particle emission is

" the predominant method of desey=- say, energles above 10 Meve. It

is possible to ocaloulate the half-life of such a state uaiig a statisti-
eal theory of the nuuleus<3) as sbout/ lO‘;B 8e0s for an exoitation of
about lelmbv in a nusleus of Z ¥ §0, That this must be the order of
hagﬁiﬁudo of the half life can be seen by a rather simple qualitative
arguncnt. The half life of the excited stateé must certainly be long
compared with the time required for a nucleon of several Mev to sross

&hﬁ rucleus. This time is of the order of 10.22 « 10*28 o0, Purther, °
sinoe pertiols eﬁiasion is faster than S eradliation, the helf life

nust be short compared to the half life for =radistions This can

- be estimated using olassioal rate of rediation formulae or ocan bs

measured from the neutron resonsnce experiments and turns out to
ve about 10™1% « 10716 4o, Thus, the half 1ife is long ocomparsd
with 10"22 seo. and short eompared with 10716 sec, and a value of

19“19 gec. svems quite ressonable., Using this walue to evstimate

;!
.h’

one finds AE & 10 Keve Since thie is large compared to the distance

the width of the exoited state by the uncertainty relation, AB &

between levels at these excitations, the levels overlap and there is,
effeotively, a continuum of levels, ‘

Information about nuolear enorgy levels has been gotten primarily
in three ways; 1) J wray spectroseopy, 2) resonance absorptlion and

8) inelastio soattering, Thore are several ways in which the measurement

- of Jeray energies provides information about nuolear levels.
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Por example, there are many radioactive nuclei known which
decay by P emission followed by ome or more ¥ -rays. N&’% is known
to decay by electron emission followed by two f =rays in aaacade(g) .
_The measurement of the energies of these ¥ =rays then yiolds information
about the energy levels of the produot nucleus, Mg‘%. Or, one may
measure the energies of the }.( -pays in & resonance sbsorption process,
ie@e (pyY ) or (n,¥) reaction, and get informstion about the levels
in tho sompound nuscleus resulting from the absorption,
" The method used to measurs the ¥ =ray energy depends largely
on the order of mmgnitude of the energy under investigation. In the
region of one Mev ¢r so, the messurement of the energy of the phote
eleotrons prodused by the Y erays provides a oonvenisnt method. Eail
Biegba.hn(a). among oishera (ﬁ), using & beta ray spestrograph to
.measure the enmergy of the photoeleotrons found two ¥ 's from ﬁ‘a“ with
energies 1,380 Mev and 2,758 Mev. He was able to attain an acouracy
‘ -of about 045 percent. Reocently, Duﬁo:gd(s} has developed e cryétal
apectrometor for use at energies aboutr one Mev which hag an acouracy
of sbout 0.0 percent, For higher energy ¥ ~rays (10 Mev or above)
- one usually measures the energy of the pairs produced in a lead
radiator, Walker end MaDani.al(") ‘used this method to messure
the eneérgy of the Y 16 from the following reaction. 1,17(.9. Y )Be.
"They found 2 ¥ 's, one of 1‘7.6 Yov and one of 14.8 Mev. Their acourady
was about § peroent,
The resonsnce absorption technique has been used primarily with
neutrons(s) although some work has been done with proton abeorption(s) o
0f course, resonance absorption measursments do not give snergy levels

L] -
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direotly unless the binding energy of the absorbed partiole is kqun.
However, this type of measurement gives direct informetion on the
spaoing of nuclear levels al excilations corresponding to the biﬁding
energy of the absorbed particles.
| Inelastio seattering methods have alzso been used extensively
for tho investigation of nuclear energy levels(lo). This method is

in gensral not 8o acourate as the ones previoﬁsly descrived but it

-is more versatile for soveral reasons: The previous methods have

"~ besn used only in the investigation of the speotra from nuelei im

the disorete reglion. They are not applicable to the region of exolta=
. btion where one has b continuum of levels. Inelastic soattering may
‘be used to investigate the continuum regioms Consider, for exempls,
the follewing reaeﬁion.
P p—r ALY 4 p

Vio assume that the proton emerges with less energy than when it eﬁtersd,
isos, has been inelasticnlly scattsred leaving the aluminum in an
excited state, The energy distribution of the scattersd protons gives
information about the excited states of the aluminum nucleus, The
above reaotion mizht better be written as fbllowﬁt

/?if.“ e So*s’\'"“}? Y 7" . 7/—;
.\ainoe according to the ohr(11) model of the compound nucleus the
recction aoctually takes place as indicated with the szza forming a
very definite intermediate sﬁage in the process. According to this

pieture the gnalysis of the'deoay of the compound nusleus ¢an be made

independently of how the ocompound nucleus was formed since this state
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lasgts & sufficlently long time to erase all memory of the method

by which the excitation took place‘. ?onsider, then, the following

f process. The 3128 is excited to an anirgy Eo by the incoming proton.
L(Fig. I.1.) This state dscays by emission of a proton of enérgy c

27, with excitation Be If E is

loaving the residusl nucleus, A}
suffiaiently large it is poaéible to‘inveatignte the continuum region.
Also, by looking at_higher energy protons, sey £ ', it is possible
to gather informetion aboul the discrete levels in 2127, The inelastie °
soabtering method is more versstile than the ones previously described
8150 in that one can control the excitation of the compound nucleus
simply by'éontrolling the energy of the boggarding particlea

Buppose we csoncentrate {or & moment on the eontinuuﬁ region and’
ask precisely what information the snergy distribution of the inelestically
scattered protons yields. One osan derive the followlng relationship

»a
on very general grounds using only a deteiled balanoing nrgument(a) .

— . . . , . . n -l
T leyde= He T {&,8) wE (€ A¢ (=1

L4

*The besic assumption of the Bohr hypothesis is that the mean free
path of a nusleon in nucleer matter is small compered to nucleer
dimensions. For high energies, this picture must be modified in
accord with the "trensperency” modsl proposed by Server{12),
However, at an energy of 30 Mev, with whioh this paper concerns
iteelf, the nuoleus is still “opaque™ and the "transparency" conside

.erations are not yet important.

‘“Strictly speaking thig derivetion should be made for eech angular
momentum stete. %The above result is considered an average over
gtates of different angular momenta. This is presumed to be reason=-
able if the excitation is sufficiently high %o excits states with
many different angular moments., This essumption shall be used
consistently throughout the paper in considerations dealing with
the continuum reglon. :
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where
(€ ) s number of protons emitted per unit time with
Energy C. y |
X . eonstant'ﬁndependent of the enorgy of the proton.
£ o= energy of the protons,. ‘
Yt (B) 2 Density of levels in A1%7 at excitetion B,

[}

(o (Bget ) sapture oross section of the protons by Al,
forning 81%% with excitation E .
The excitation E of A127 may be written

Eazoqzbug

whore Eb = binding energy of the proton to 3128.

[ 4

The capture orosa section for protons of aevarai Meb or higher
may be taken to be .

To(BoE) = TE P(&)
Here, R » redius of 4137 naslous..

P{(£) = probabiiity of penetrating'the potential barrier. That is,
we take the oapture oross-section as equal to the nuclear ares modified
by the effect of the Coulomb barrier., An examination of BEgn, (1=l)
sﬁowﬁ that the only quantity on the righﬁ whioch is unknown is Kh(E)

§0 that the determiﬁntion of the snergy distribution of the soattered
protone provides a very direct messurement of the demsity of nuelear
energy levels in Alzv_as'a function of the excitation energy.

The workcdésoribed in ﬁhﬁ paper concorns itself with both
regions -~ disorete and the continuum, The work done on carbon involved

disorete levels end the work on aluminum & using the reaction shown

above « concerned the continuum region.
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11, EXPERIMENTAL METHOD

The protons were detected in phétographic plates and their

" energy found by measuring their range, part of which was in an

absorber bétween the target and the plete and the remainder of whioch |
wa8 in the emulsione FPige. (1I«l) shows schematically ihe arrangement
used;

| The'82 Mev proton beam from the linear sococeleratoy is allowed

to pass through an analysing magent whose purpose is to eliminate

any low energy ocomponent of the beanm, The'unanalyzed beam contains

18 Mev Bz’ ions, These are stripped at the 1/4 mil Al stripping foil
end form an 8 Mev proton component which the analysipg megnot eliminates.
Ug?n emerging from the megnet, the beam passes through a collimator

int; an evacuated scattering chamber which houses the target and

plate holders., The target is set at 452 with respeot to the beam
direotion. The plate holders are set at 96° with respest to the

beam direction. Aftér‘passing through the terget the beam is ¢ollected
in an integrator.
 Qollimators | ’

The dotails bf the collimator are shown in Fig. II-é. The external
pipe is mede of 1/8 in; bruss whioh  is sufficiently thick to stop the
beam 8s are the 3/8 in, eerbon disks, The disks. are made of carbon for
two reasons. 1) The (:.]'z(pv.n)!!l2 threshold is about 20,2 Mev so that
the number of high energy neutrone produced in the slits is ieduoed.

2) The low 2 is wost favorable for the stopping éowar fn. goattering
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fratio. The goamgtry of tha ccllamator is deaigned to minimiza the
' number of protons which can be acattéred from the laat slit. This
problem was not aevere-in this case sinoe the plgtes were well shiéi&ed
.-f;am the ﬁireet bsaem and nu-pfotbna soattered from the last slit
| 'ioanld be geen by the piatoa. E@wavui, the glit sonttered prqﬁonk"
oould pradﬁaa neutrons in the uhielaing matcé;él whioﬁ mﬁulé';néraaqev
‘the genseral badkground (ge9 aectiéu on background). The sollimator
as shown proved to be-gpnérally satisfactory. |

saattetigﬁ_ghgmbor. plate holdors anﬁ gbsorbersi

‘The soattering chamber is shown in Pige (11.-8). The entrance
.£lange wag bolted onte the output flange of the analyxing mngent ana '
the exit flanga onto the integrators The entrance foil was ome mil
‘aapper and the exit foil 5 mils aluminum. The walls of the chamber
uero /8 1n; brass, | |

. The plate holdsrs and the ebsorbers are shm in Fig. 11 -4.

* They ars mounted on 5/4 ine sluninun phate which served as the top cover
* for the sonttering chamber. The camera allowed the simultancous
éxposure of eight plates each with its ocenter at an sngle of Qé°’

with the beem axise The somttersd protons entered £he’emulaion &t

. angles of from li.5° to 18.5° over tha regimn of the plate saanned‘

.To sover the anergy regiou daaired an abaorber of either sopper or
sluninun was pl&oed betwaan the target and eagh plate; The ebsorbers
were inoreased in atapé‘of ssven mile (48 mg/%mZ) equivnlent of

- aluminum whiéh_bérresponds to 180 u of gmulaian. Track léngﬁhsvfrqm

16 g » 200 i were read on esch plate. This gave an overlap iégion‘
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of 26 ¢+ on each plate for checking purposes. When there was no
serious disagreenment, the‘tracks from O = 40 u were disreg#rded
snd the data from the previous plate in the region from 160 p « 200
was used, Traoks shorter than 156 u (end to some extent from 15 p =
40 ) were considered unreliable since they spend such a largé part
of their range in‘the absorber that scattering would g;come oxcegsive;
alsc, tracks shorter than 15 u made difficult thé determiﬁgtion of
their direotion., Table II-l shows the energy interval included in
each plate,

The first attempt to do this experiment wes mede by allowing
the protbns to enter the plate at grasing incidence and to measure
all enorgies at once allowing all of the range to oocur in the emulsions
"This proved to have two sericus diffioulties; one purely practical
end one theoreticale The practical difficulty was that the measurement
of ranges in emulsion covering several fields of view proved to be
time consuming end tedious. Limiting the treok lengths read to 200 u
mede it possidble to keéep the entire track in one field of view at
s convenient over-all negnifiocation of 440. A smaller magnification
made the observetion and measurement of tracks difficult snd a larger
magnification was,unnecéssary.

The theoretical difficulty in getting all energies in one plate
involved the guestion of scattering out of the emulsion This correction
would have to be made as & funoction of energys It seemed wiser to
avold this correction if possible. By allowing the trecks to enter

at about 15° and measuring lengths 200 4 or less in a 100 i emualsion, thisg

~
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'-éqrrection was negligible. The tracks weré messured by means of en
eyepiece retioule calibrated by means of & Bausch and Lomb stage
micrometer, |

- The absorbers were plased on en approximately sphericel surface
of radius 6.3 om contered on the target. This was accomplished as
follows. ' The absorbers were 1 in. by 1/4 in,, the long dimeneion
being in the direction along which the polar angle changes. Along
this dimension the absorbeyr was bent so that it formed part of a
oylindrical surf&ae.whoae exis passsed through the tarfet. The short
dimension was 80 oriented that the perpendiocular through the center
of the absorber passed through the target, This method of mounting
the absorbers insured that the effective thiockness of absorber for
the soaﬁtared protons varied by léss than 0,2 percent from the
measured thicknesas This is less than the range straggling whieh
is about 1 pereent.v

Processing of pletess

The plates used werse Ilford Bel 100 p emulsions. These plates
are sufficiently insensitive 8¢ thet one msy distinguish alpha particlea
but not deuterons from protonss This is shown quite olearly in the
microphotogreaph shown in Fige II-6, The two heavy tracks at the lower
left are alpha pertioless All the other tracks are teken to be protons,
The plates were developed fof 30 minutes in D19 developer diluted 3il,
They wers then weshed fer 2 minutes end pleced in an acid fixing bath
until eleers The fixing process took.about & hours. They wore then
washed for an hour and drieds The témpera%hre of 8ll baths was kept
at 68 ¢ 2° F. Some difficulty was encountered in the emulsions peeling

from the glass on developing if they had been left in the evaocuated
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Table Il-l

Plate number Emin(Mev) Emax(ﬂsv)
1. 0 545686
2e 4,85 7480
3e ‘ 7030 9.6
4, ’ el 11,3
5e 10,.¢ 12,8
6. 12,4 15,1
Te 14,8 16.2
8, 18,0 17.4
9, 17.2 18.6 ,

10. : 18,3 19.6
11, 19,4 20,6
12, 2004 21,6
13. 21,4 22,6
14, 22.4 2346
15. 23.3 24.4
16. 24,2 25,2
17. 286.0 2640
is, 25.8 26.8
1g, . : 26,6 27.5
20, 27,3 2842 -
21. 28,0 28.8
22, 2847 29.5
236 29.4 30.1
24, 3040 30,7
25, 30,6 31.2
26, 31.1 31.7

27, 51.6 32,1
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correction wes negligible. The tracks were measured by means of an
syepisce reticule calibrated by meens of a Bausch and Lomb stage
micrometer,

The absorbers were placed on an approximately spherical surface
of radius 6.3 om oentersd on the target. This was accomplished as
follows. The absorbers were 1 in. by 1/4 in., the long dimension
being along the polar engle., Along this dimension the absorber
‘was bent so that it formed part of a cylindrical surface whose axis
passed through the target. The short dimension was so oriented that
the perpendicular through the center of the absorber passed through
the target. This method of mounting the absorbers insured that the
effective thickness of absorber for the scattered protons varied
by less than 0.2 percent from the measured thickness. This is lesas
than the range straggling which is about 1 percent,

Processing of plates:

The plates used were Ilford E-1 100 p emulsions, These plates
are sufficiently insengitive so that one may distinguish elpha particlés
but not deuterons from protons. This is shown quite clearly in the
microphotograph shown in Fig. II-5, The two heavy tracks at the lower
left are alphe particles. All the other tracks are taken to be deuteronse
The plates were developed ior 30 minutesg in D19 developer diluted S:i.
They were then washed for 2 minutes and placed in an acid fixing bath
until clear, The fixing process took about 3 hours. They were then
washed for an hour and dried, The temperature of ell baths fas xept
at 6§.ﬁ 2° F.  Some difficulty was encountered in the emulsions peeling

from the plass on developing if they had been left in the evacuated
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sysbem more than several thra;
Inﬁégratore

The integrator.ueed was designed end built by Mre lee Aamcdt
of the Radiation Laboratorye. Fige II «6 shows sohematiocally the
_ pfin¢iple oé operation. The beam was eélleeted in a Faraday aﬁp
.placed in an evacuated chamber. -The charg; was colleoted aoroas a
lew leakegoe condenser and fed onto the grid of a VX-41 tubes The
gharge agocummulated was measursed by measuring the potentiel necessary
to cencel that prodused by the integrated charge., 8econdaries were
provented by a biasing voltage of several hundred volts on the Fbiaduy
oupe The accurasy of the method is eatimaﬁed at about 3 percents
Expusures

The exposures made varied from an integrated be:m of sbout 10'7
Coulombs to 5 x 10‘8 Qoulombs depending on the particular’energy
region under investigation. With an average beam of about 5 x 10712
smperes which cleared the collimator, the time to collect 10"7 Coulombs
was about 30 mimites, |

Criteria for acceptable trecks:

In order to count a treck &s a scattered proton }t had to fulfill
the following two conditions,

e) It had to start at the top of the emulsion.

b) 1ts direetion had to be correct.
Both these statomenta os;.\n'be made somewhat méro quentitative. ‘#ith
the optical syetem used the top of the emulsion could be distinguished

to about $§ we In order thet & track be counted there haed to be ne
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random baakground'visible above the tracks The strictnese ﬁith which
eriterion (b) was required depended upon what region of the energy
distribution was under investigation. For thellowest energy piahe.
which hed no absorber betwesen it end the target, the criteripu wBg
enforsed to within several degrees. For the plates towerd the high
énergy rezion the direction oriterion wes relaxed sinee some seattering
'1n.the absorber is expected, Since the minimmm track lemgth which
was ectually used in tebulating the data was 40 p, the minimm residual
' range after leaving the ebsorber was equivelent to about 2 mils of
sluninum. Tho ourve shown in Figs II'=7, ws plotted from Williamst(1®)
formula for the mean seattering angle after passing through e fraction
x of its range. Genaulting this graph made it possible to adjust
the direction eriterion te tho energy band being seannsd, The angular
spread allowed was at lesst three times the mean soattering angle

in all casege

fggggon of plates scaunedt

The absorber aperture determined the region of the plate along
whish tracks should coocur., Pig, IIﬁ-?(a) shows the geometry of the
systems The distance d » 3,2 om shows the portion of the plate which
could see the terget through the absorber. Pige IX.-8(b) shows a
ﬁop view of the piate.» The region inolﬁded bvetwean thé dashed lines
was ihé fegion to which the scanning was limited.
éaekgrougd; /

Host of the background seemed to be due %o collisions betwoen
neutrons and protems in £he emulsions In general, the direotion

of the background tracks was random and they did not start at the
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top of the emulsion. The baokgrouad was ohecked by two separate
methoda: "

a) with no target,

b) with sufficient absorber £o stop the beam.

Objection might be raised ta.the letter mothod in that the scattered
protons eould produse neutrons in the absorber. However, aince 200
mils of Al was ﬁaed.to stop the protons, this orfeét sen be shown
to be negligible”, in the high emergy teil of the sluminum distribution
(Fige V1) the background correction was ebout 20 percents In all .
other regions the correction was much less and in most cases wnﬁbgaﬁ_
medes

Aligumentu )

The alignmenk of the scattering chember was made vi#ually, A
pieturs of the beam was taken by allowing it to pass through & plece of
giasa for about 30 secs This exposure was made at two different
points and the direction of the besm after leaving the éollﬁmutot
was 50 determined. The scattering chamber and collimstor waré.
then aligngd by telescope along this dirsctions During the course
of & run, the magnetic field would vary sufficiently to destroy the |
alignments This was eorrseted'aimply by maximizing the beam through 3
the oollimntor,

fAssume the oross section for & proton to produce a neutron to be.

"7 R%, Then, the probability, P, that & proton produce a neutron
in 200 mils of Al is P = HNot 2 0408, This must be multiplied

by the probability that this neutror will be going in the direction
of the plate., Asguming spheriocally symmetrio distributiom of
neutrons this factor is ebout 0,)s Thus, the probability that

~ the scattered proton produce a neutron going in the diyection of

the plate is about 0,3 percents This is certainly negligibles
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TII, ANALYSIS OF DATA

The quantity desired from the experiment ie the differential
oross section per unlt solid angle at 96° per unit energy intervales
henseforth taken as 1 Mevesnhich we call .__S.Qf_l . The following

section dasur:.bes how this quan’city is oaloulabed from the experimental

data,.
.3011(5 ;angl_\e geometry.

Fige 11l-l shows the geometry for caloulating the golid angle,
Let the area read on the plate be the cross-hatched ares. P. is |
" the point where the beam hits the targ’ét.- The distence dy was
" sufficlently small in all vases so that @ oan be considered to depend
only on xe Consider the sgolid angle aubtended by the area dy dx whisch

we call 4®.(b .,
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Galoulation of ebsolute eross sections

The number of tracks per unit range interval (wsuslly 20
'of emulsion) were tabulated and then the number per unit range interval
vﬁ._range plotted, To convert this to number per unit energy interval
. ve.'energy one maey proéeed as follows., GConsider a thickness t of
absorver., The experimental observation consiste in maasufing the
number of protons whiéh fall in & range interval dt after psesing
through en absorber thickness t. We want to know the energy in&erval
dE! at energy R' corresponding to a range between ¢ end ¢t + 4ty We

- ¢an write that

, JatrJC‘ '/‘t .
X o de
AEL R4 - gL
trat 5
y {isg{A

[ SR S

We consider thet dt iu_auffiaiently spall so that fE is constent
v dx
in this intervel.

Thens ;o

AF - ;'i'f/}; AL
' £’

Tiow, to caloulate the absolute oross section we use the following formules

A '/7'” 3 f/}a/ -

—
e m.,.‘.‘“»..n» e - RSP

d’.-i)_ AL E | 40 AF /V'//”f
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whare n number of observed tracks

Nt

total anumber of bombarding protons
¥ a number of target atoms/cm®

t

a

thickness of target

"d{l-and dB are ths quantities discussed previously in this
sestion and are caloulaeted as shomm sbove. For these ecaloulatioms
the rangs-snergy curves and rate of energy loss vs. energy ourves

prepared by Aran.'et a1(14) were used,
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IV, RESULYS AND CONCLUSIONS»~CARBON

The carbon target used was one mil polystyrene, The
‘hydrogen oontent in the ta;gat can give no contribution since the
- . observetion was made at 96° and there can be no protonnérotOn sosttering
et thet angles OQbservations were made et two different energies, \
1843 Mev end 31,5 Meve The results are shown in Figse IV~l, IVe2
and IV-3, ’Fig. IV~i showé the number per unit range ves range es
an exanple of the raw date. All other results show tho nﬁmberlpar
unit energy vs. émergya The experiment &t 16.3 Mev is essentially
a.duplication of work done by Fulbright aﬁd Bush(lo) and provided
. o valuable check on the performance of the appsratus. . Eadth run

12’ otie at 4,7 and one at 10.1.an.. ?he'half

ghsw% two lsvels in €

width ot half maximum is ebout Q.4 Mev for the 82 Mev run and about

045 Mev for the 16 Mev runs The half width ealoulated from straggling,

spread in polar angle, and target thickness is 0.5 Yogre The ﬁalf :

width in the 18 Mev run‘ia laerger beceause of the energy spread 1ntr§-

duced by stopping down the beams Fulbright and Bush find three levels
doing essentislly the sémﬁ experiment with e Yombarding emergy @f '

15 Move The levels they find are et 4,4 s 0a2, 5.5 + 0.5, and 9,7

4 0.6 Mev, It 1s seen thet the levels at 4.4 and §.7 agree within

the probeble srrors of th§ o measurementss However, no avidaﬁce

58 found in this eiperimﬁnt for the level at 5.5 Mevs A possible

explenation lles in the faot thet the results of Fulbright end Bush

wore obtalned et an sngle of 1626‘WXﬁh respsot to the baaﬁ direetionc
If both of the resulte are correet, they indicate that %heTangnlar 

digtribution of the level st 5.5 Mev is such that it has & rather
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small intensity at e8°, @ibson(ls), measuring the neutron spectrum

‘for tha reaction Bll(d,n)olz, clﬁ* fixdes thrse levels in 612, one at
4447, one at 9,72 end, less certainly, one at 7.7 Mev, it'is s69n
apgain that the levels at 4,47 und 8472 Kev are in aubstéﬁti&l agreement
with the resulta.quoted sbove, The ?.7.Hbv level is not found by
éither Pulbright and Bugh or us, However, this levzl-h&d eéher possible
arigins. as Gibson points out, and is nbt 8o well aahéblished’aé the
others.

The third level shown in the 31,6 Mev run has two possible
interpretetions. It was mentioned previiusly that it is impossible
to’distinguish deuterons from protons in;tho E~] plates useds In
principle, one cen distinguish between prot#ns and deuterons by
counting grains, However, since the difference in the number of grains
from the end of the range is only about 18 peroentvfor protons and
deuterons, one requires a treck length of about 1000 p to make thé
idenéifieatioﬁ. The longest tramoks available in this e#periment were
about 350 fre Congequently, this wes not attempted. If we consider .
tﬁa po;sibility ‘that the third level is eompos§§ of deuieraps arising
from the reaction ciz(p,d)cll and that the Qll is left in the ground
state, we find a thrashold for the réactiona of 18,7 ¥ev. ' The thresheld

daloulated from the masses is 16.,56 Mev, 1If we'censidar the lavel asz
12

L} -

consis?ing of protons, it leads §o~a level in ¢ at 21,8 Neve The
low energy trecks could be assocoisted with levela in Gla at éxaitatiams
‘between 20 and, 28 gév, or could be due tavpratons ariéing from
Glz(p,np)cll or ¢18(p,ap)Bed resctions. If the former alternative

is correct, it indicates & rather sudden inorease in level gensity
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in 013 at oxoitations above 20 Mev,

The onergy and relative intensity (sée Table IVel) of the
third level in the 32 Mev run seem to in&ieate thet it is composed of
dqp@erona. From thé threshold of the Glz(é.pn)Gll reaction, Panofsky
and Phillipe(ls) sonclude thaé deutersns are sultted st dlweshold,
The intensity of the énpga&ﬁa déutexumm iy Ghis experiment ?uggea%s

. . 1 :
that a substantisl fraction of the G“l iz dus do deutervs emiasi@a

‘even at 82 M¥ev, This is mot surprising in view of the scaroity
| of levels in 012 and the high binding energy (about 18 Hev) of a
neutron to Hls, both of whic¢h mesn that the proeeuses‘acmgetiﬁg with
the deuteron amis#ian ere very much reduced, l

The relative 1n£ensities of the excited states are of some
| interesis From the volume available in phase space, neglecting
selostion rules and stetisticsl w;ights of the excited aﬁates, the
ratio of the intensities in ﬁho different levels should be simply
the ritio of the energles of the emitted proﬁons; Thegcalculated
.and observed intensities are shown in Table IVel. It is seen that
the agreement between the calculated and observed velues is quite
goods -Since the ocalculation neglects selection rules, the resélﬁe
indicete that ell of the reactions are equally allowed.

Perhapd the most striking result of the experiment is the

searcity of leévels in Glz

at excitations up to 20 Mev. The question
arises whether all the lavels are found by this experiments It is
slear that levels whose intensity would be reduced by a factor of

100, or probably evem 10, over thogse observed would not be seen,
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‘that meny states with different angular momenta are excited.
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vaiounly. any selestion rules which would forbid, even mildly, the
decay of the excited 59 o a partiouler state of 12 would heve the
offect of making thiz state unobservable by this experiments I$ is
quite certain the anguler momentum and garéty selection rules would
have such an effect, However, one would guess thet at exeitations

of 30 Mb;, sufficlently many states of different sngular momenta

and different parity'arevexéited in N8 ¢o average out eny such effect,
In any otase, the egreement between these results and those of previous
investigators ueing different bomberding energies and different
resctions 1s strong evidence that we are not miesing pany levels

‘between the ground state and 10 Wev®,

L )

*of sourss, sny level whose angular distribution was such as to
give zoro, or very low intensity at 96° would also be nissed.
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V. RESULTS AND COECLUSIONSwwaLUMINUM

The target used was one mil aluminum foil and the bombarding
energy was 30.4 Meve The results are shown in Pig, Vel, This distri-
bution is quite different from thet of carbon in that it shows a |
continuum, except for the slastic scattering, rather than discrete
¢ievals‘ This ié somewhat surprising sgnce it indiocetes & marked change
-4n level structure in going from carbon to aluminum even though the
pumber of nuoleons has incressed by only & faotor of 2,25,

Before discussing the obntinuum distribution, I shall consider
the elastic scattering resultss There are two possible origins for
thé elastia'scattering. It sen comé from the diffraot{on scattering,
or, ffom the absarétion and re~cmission of the proton, Although
these are two-quite distinet proocesses, there is no possibility of
distinguiahing_theﬁ.experimantally.‘ Kowavsr: it is possible to argue
that most of the elastis seattering must be due to the diffraction
soattering on fhe following grounds. Dicke end Mnraha11(17), doing
inelégéio scattering on aluminum using 6 Mev protons, have shown the
. presence of lavels in A1?7 at 0,87, 2,03, 2,70 and 3.6 Mev. These
are not aseen as separated levels in the éresent exporimsnt probably
becausé the levels are too close together to be resolved with the
stetigtios avellabls in this region, Howsver, there are'fome tra§ka
in the region where ﬁhese'lévals occur and it is presumed thet these

27 pas been left in one of these

are due to protons in which the Al
low lying levela. It is sesn howsever, that the intensity of the
eldstic peak is about 20 bimes that of the intensities of the low

lying levels. It ias difficult to understand why this should be true



=

T T . T T T

SMOOTH CURVE IS CALCULATED FOR A=36 CORRECTING FOR MULTIPLE REACTIONS

DASHED CURVE IS CALCULATED FOR A =3.0 CORRECTING FOR MULTIPLE REACTIONS

PER STERADIAN AT 98°

-2
H

cm

CROSS SEGTION x 107

[

VERTICAL LINES INDICATE PROBABLE ERRORS

—— ——t

ENERGY DISTRIBUTION OF PROTONS FROM ALUMINUM BOMBARDED WITH 30.4 MEV PROTONS

E (MEV)—»

FI1G. -1

-

30

9¢

07 734



“37= UCRL 567

if they arise from the same proceas, ﬁamely, the absorption and -
subsequent re-smission of the protons, Consagquently, it seems likely
thet the elastiocally scattered protons are due to diffraction scattering.
If one agsumes some nuclear model, it is possible to calculate the

eross section fex; the diffraction soattering. Bethe(18) derives the

following result for the differentisl diffraction scattering cross sestion,

G(%) ALL= ”/fi/ S Qe+ b s B mi S Ao
4] & &E (e - Fiti) AL
)] » orogs section per steradien et angle &
4 = wave length of scattered proton
Ry = Legond:;e polynomial of order A
is defined by the following fact; that 1 - IFIL{ 2 is the
stioking probability of proteons of angular momentum £ . in order to
caloulate 5 (7/2) we use a stioking probability of unity so tha.tﬁ; 2 O
This ia undoubtedlj 8 good approximation -ét 32 Mev, To make the
celculation the sum over all . has to be teken, However, an approximate
result can be obtained by swmming only over those values of .{ for
whioh £ =& . R redius of 41°7 nuoleus, Values of £ >§
will mﬂs contribute much to the soattering because protons with such
high angular momenta do not approach sufficiently cleose to the nucleus
Tbe feel the nuoleai potential, |

We take 'R = 1.35 RABTR™ o

e 2,05 x 10712 om ror A127.
‘ and - '
' p* IHE

using non-relativistic relations.
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#

if B is measured in Mev, wo oan write

2 7> R
%= = K
- mo® N— - B p
e e e m et ,,_
‘f M E -—.‘-Mm~w;.—~~
T - Eners
Lme® @ Zmet

b m o electron mass

* : ,
{;?; = Compton wave length of electron = 3.8 x 10’11 em
thm, |
,?1 .14y -2 g ¢ '
Q&?ﬁ/@) (30.4) .
ﬁ/-"—' ﬂ'? X/D -l A E/;;r ’
4 . K
by Lo

Thus, taking the first five terms in the sum, we obtain for the

theoretiesl cross sections
(L) = &5&;0“‘};:,’*/“6?“1”

The experimentally observed cross section iss
{4 a3y . £ -7 . 3
| C{9e') = # %107 3 foveradien
This agreement is probably better than we should expect from the crude

model used. However, 1t indicates that it is not &n unreasonable

explanation of the elastio poake
It is possible to use the aluminum distribution to find

‘the variation of level density in aluminum sa a funotion of the exeitation
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energy. I repeat here equetion I-l to which further reference will

be mades

L (eodé= ke (o) (&,¢) Le

The density of levels at exn;tation ﬁ,.ﬂk(ﬁ), oan ba caloulated
when some nuclear model is assumed. This ouloulatién must necessarily
be done on some statistical basis since the many body problem involved
in doing en exsct oalculation would be mathemetiocally unfeasibles One
“might expect that statistical oonsiderations would become fruitful
where there are meny ways in whioch & given exoitation could be schieved,
fhis requires that the excitation be shared by meny nusleons. GClearly,
this eondition is more nearly satisflied the heavier the nucleus and

~the higher the excitation, At excitations of ebout 30 May,’it soens
likeiy that even as light & nuoleus as aluminum can be treated by
these methods.

Several inveatigatora(a)' (19) using different nuclear models,
have caloulated ﬂk(E)' The reaglts of these caloculations are almost

‘identical. independently of the model used. Parhaps the most general

" approach has been that of‘ﬂbiéskopf(s) who finds the same result using -
two quite different methoda, 'Oné method consists in counting up the

. number of proper osaillations £ (V) ?f the nucleons under oonsideration

~with treéuenaiss less than L) and setting the energy E = TA(J)s Here

T is the "tamperature® of the nuoleus's This enables him to find

sThe ooncept of nuclear tempsrature is introduced as follows. Define
the entropy of & nucleus &s siEg = ln Wp(E)s This is equivalent to
the usual definition sinoce 28 E) is proportional to the number of ways
in whioh a state of energy E ¢an be excited and consequently to the
probability of the state, The Boltsman oconstent k is left out since T
is defined in energy units, Then the temperature T is defined by the
usual thermodynamic relation de =1,
. { T 7
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the funotional relationship between E and T from wﬁich_ﬁk(ﬁ) ean be

deduced as desoribed in the footmotes The other method used & degenerste

Pormli gas ss the nuclear model. This is a reasonabio moﬁgl as long

a8 the excitebion is gmell compared with the total kinebic energy

in the ground stete of the nucleuss As long &8 this condltion is met,
the degeneracy parameter is larges Both methods lead to n«trz,

(this is o wall kn9wn result for the excitation energy of an elestron
'gaavin a metal), end oonsequantly‘tc' We(g) = ¢ 6’4(5)71 » Both

, 0 and A are constants whioh 6re not evaluated by these considerations.

1f we use this result for ﬁﬁ(n). wo may write equation Il as followsg.

- ‘. I : CACE
Io(e)de = K& L& )€ st
©or
b T L)  AET +B
EG LE &) . 1/2
Thus, plotting o _Z (4 vas B enables us to find A from
- 602(5&4{}

the slope of the line, Here E = 29,4 »~ £ « 29,4 Hev is the energy
of the bahbarding proton in the center of mass gystem, However, thia
neglects the fact that not all the protons messursed come from the

: 5127(p.p)a1?7 reaction, If the energy of the proton is below about

18 Mev, the Al 1s left sufficiently excited to emit an additional particles

A gl&n§e at the distribution shows that elmost all of the protons do
emerge with less than 18 Hev, Gongequently. multiple resctions are
tgé‘rulé rather than the exeeption, ?h&s. most of the protons are
emitted from reactions suoh as A137(p.2p)nfg;26 or A127(9,np)3126 N

To take this into acoount, one must know what fraction of the protons
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t

28 and whet frastion follow either a

eerge direectly from the 8i
neutron or & proton in one of the above resotions. This can be

estimeted as followss The total probability of emitting a particle

’

ie given by E - F,
Tié)de

o
where Ee = mrxoitation of the nuoleus

Eb = binding energy of thé particle under consideration..

It is seen that the total probability of emitting & particular
particle from a given excited state depends only on thé binding energy
of this partiocles A neutron is bound to 8138 by 16 Mev, a proton by'
11 Mev. Howevor, the proton hes to contend with the foulomb barrier
which acts like an additionel binding end is about 4 Hev for 3128.
Thus, e prdton and & neutron are sbout equally likely to smerge from

28

86" » By analyszing the binding energles involved in all} the possible

products of the two multiple reasctions discussed above, we cen estimate

that about half of the protons emerge direstly from the 8128

and about

half follow either & nsutron or a proton in some multiple reaction.

We now ask, what would be ths energy distribution of the protons which.
follow elther & proton or & nuetron., We shall do the oaloulation

for the aeéond proton in the raaahian'Alz7(p,29)ﬂgaﬁ¢ For the ressons

mentioned above, the result would be substantielly the same for the

second protons in the Alzv{p.np)hlzs reactions Let the distribution

of the second protons be glven by

- .. (WA(£1577L
Tisy de'= Ke'e ey A7



B » € ' » oxcitation of the ngs

after emigsion of the second protbn
and EY ig given by
B''= 20,4 - B =&
where Eb » binding energy of a proton to A187¢ This must now be
multiplied by the probability of the first proton being emitted with
an snergy ¢ end integrated over all £ for which &' is possible,
Thuss ('4({.1— &-s"

! -J .
i Aletv-E,-E-€) 4/"4 (et V- EJ 7.

Yo g fou R A A i, e 5
.Z'Lé’) A= KE G [£) {ff'ata/o : e Aé

4

¥o method was found for doing this integral anslytically.
It was done numerically for the following velues of £ 'y 9, 5, 6, 9, |
12, 15, 18 end 21 Mev for values of A = 56 hw;l/ % and A z 8,0 :ﬂwd/zv.
The rosulﬁingvdiatribuﬁion_wﬁs normalized so thet it conbdeined half
of the observed protons, This wes then edded to the distribution
expected for the first proton assuming the seme v@}ue of A, The
smooth curve (Figs V1) is caloulated fo& A = 3.8 and the déﬁh@d euivw
for A = 8B40 + There seems to be a qualitative mgreement between the
exporinental nd oaloulated distribubions for energics below 12 Move
:‘,Thié eorraap@ﬁda”tm,an excltation of the al&minum‘of about 15 Mevs
Thus, the evidence setms to be that at exoitations ab0vé 18 Mov the

density of levels incremses quite repidly end possibly exponentimllys

‘Tha~va1ua of & ocsloulated dir{etky from the date and neglecting
multiple reection is 3,8 Mev™ It is seen that the corrsetion
for the multiple resction protons does not change the valus of A
very groatlys This is beoause the distribution of these protons

is not greatly different grmm the distribubion of the protons whioch
come directly from the 8048

/
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The much slower decrease of the sxperimental curve then the oaleulated
cne above 12 Hev indicates that for excitatlions below 15 Hov the
level density chenges much more slowly than the exponential form
shosen in the caloulations. foisakops(3) estimates A @ 3,1 for light
naclei, B«sthe(m) gives ) /2 » M « mass number, This gives
4 = 3.8 ev % or M1, )

One oan estimate the absolute level density et any exoitetion
from Eqnes I=l, by using the relative values of I(£ ) as given
in Pige Ve]l and assuming & value of WR(E) et same senergy. Using the
known 1evels(17) to get the averege density for the first few Mev, |
one arrives at & level distance of 10 KV at 20 Meve This level distance
is considerably la}ger than ons would o"ni:ain from the statistiocal
nodels of the nucleus which eare used by Weisskop{ end Beﬁhe. The resson
“is, ebviously, that.tbe level density for the first 15 Mev changes:
much more slowly than the theories predict, Howet'rex", ‘the application

of these statistical considerations to as lizht an element a6 aluminum

at low excitations oartainiy soems unwarranted,

et
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