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ABSTRACT

A magnetic lems P-ray specirometer with a large (~L.5% of a sphere)
solid angle and with good chielding against the neutron and Y-r;y bagk-
grounds sncountered in the investigatlon of the prompit y-radiation from
nuclear reactions 1s described. Methods for determinming the intensities
of y=radiation by observation ¢f phoicelectron and Compton eleciron sec-
éndaries with the spsctrometer are discussed. It is concluded that whers
%hei; use is feasible, Compion secondaries will give the more accurate
values for the intensity and energy of y-radiation.

The nuclear pairs and y-radiation from excited states of 016 have
been investigated. Ths pair spectrum agrses well with that calculsated
theoretically, and the end point indicates that the first excited staﬁe
of 01 15 at 6.04 + 0,03 Mev., The y-radiation observed corresponds to
levels at 7.09 + 0.06, 6.9, and 6.1 + O,0L Mev. Esiimates of the rola-
vive and absolute intensities of the y-radiation are given.

The rather complicated y-ray specirum resulting Irom the bombardment
of beryllium with deuterons has been investigated. The assignment of
theue y-rays to the possible residual nueledi is discussed, and it ic de-
termined that most of them can bs attributed to axcited states of BlO, as
formsd in the Be(d,n)BlO* reasction. By comparing the y=ray intensitics
with the neutron intensities observed by other expsrimenters, a level

510

schome for is constructed.
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I, Inbtroduction

Recently developed magnetic spectromsiers for measuring the energics
of haavy particles(l’z) and gamma rag@(j’b} produced in nuclsar resctions
have made it possible to determine many mors of the pertinent facts aboud
the excited levels of light nuclei. IMany such levels have been identified,
even with earlier and less precise techniques, by observing resonances in
the yisld as the incident particle energy is varied, by obsuervinmy various
particle groups of different energy that represent ond products of ths
possible nuclear reactions, or by measuring the snergy of s =radlation that
may bo emitted from nuclei left in an exeited state by ths reactione The
heavy particle groups, or resonances in the simple capture reactions, in-
dicate thowe levels in 2 corizin nucleus that are exclied by the reaction.
it y—radiatiqn of & cingle energy is emitied, we lumediately kmow the lo=
cation of the level in the nucleus. In some casesy levels initlally oxe
cited by @ heavy particle reaction decay by cascade y—-radiation, We must
then compare the energy avallable in the rezciion,; as given by the differ-
ences in mass of the original and final sets of particles, with the energy
observed as y-radiation and heavy particle kinetic ensrgiss, in trylng to
decide where the levels are located in the nucleus. It is clear that the
increased resolution and accuracy of the most recent methods will make this
task much easier, end much success has been attainsd in locating energy
levels by these methods, as revisewed by Hormyak and Lauritmon,(S) and
Lauritaen.(é) However, we stlll encounter certain ambiguous situations
where the determination of particle and y-ray energles is not sufficlent
t¢ ostablish & unigue level‘sch@me, whers we can only say that thers avre

several possible locations for an uwnimom nuwber of lovels. Furthor
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experimental evidence is then reguired. Ome possible approach iz to ine-
vestigate particle-y and y-y coincidences. Very little work of this
potentially fruitful kind has been done with nuclear reactions. It is
anticipated, however, that one would have to use methods that give a large
solid angle, and comssquently a low snergy resolution; to get reasonsble
counting rates. Especially in the more complicated cases, 2 useful alter-
nate approach to this problem 1s by means of intensity msasurements, where
one determines the initial population of a particular lavsl by measuring‘
the yield of the corresponding heavy partlele group and then moasures the
yisld of the various y=ray lines that may como from this lowvel, If reason=-
ably sccursic intensity measurements ars available, then the construction
of a unique level schewe will usually bs possibla,

The present thesis is concerned basically with such intensity messure-
ments--in particular with the measurement of y-ray intensitlss by msans of
a P-ray spectrometer. Ho great sucoess can be claimsd; in good part bscause
squally reliable values for the corresponding haavy-pgrticle intensities are
not available. It is shown, however,; that this approach is both pracﬁicahle
and pdtentially fruitful, and the technigues requirad for ths measuremsnt of

y-ray intensitles are investigated in some detail.
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1. Spectromater

ho HMognetic lens type spectrometers

Several f-ray spectrometsrs of the magnsiic lans typs have been
roosntly descrived in the literature (e.g.=—Refs. by 7=9). They are all
characterized by a magnetic field with cylindricel symmetry, £h@ simplest
case being that of the uniform fisld, B = By 6ge It 1o well known that
the uniform field has focussing propertisss; an electron originating on the
g=axis will voeturs %0 it ab 2 Az that dspends on the eleciron womanjum and
{ts initial angle with the s-axis. By introdusing spproprists llmiing
aporturss and a dotector one cag measure the momenium of the sleosirona,
ie6.5 one has a f-ray cpectroawicr. One can show thal other filsld forus
aloe have foousing proportles, indesd, for elecitromg whose initial ample
with the axis iz swuell 1t is only nocessary, @8 shown by anch,(lo) taat
the fisld have cylindrical symmetry. Each of the three general ¢types of
fi2ld form has its particular merits. The "thid lens® type of Deutsch,
Elliott and Evanz,(V) for example, will focus the meximum momentum electrons
for a glven expendlture of power in the magnet coils. The equationz of
motion for the electrons have particularly simple solutioms for the wniform
fiold, so that trajectories may be cslculated, and an absolute calibration,
based on a siwple current msasurement is possible. The other extrems in
field form, the U-ghaped fisld, strongest st the soures and image, has been
dlocussed by Sisgban.(?? Using the usual "point® focus, Slegbshn, and

Lovritsen and Chriaty(ll)

have shown that this field foram glves & larger
polid sngle (fraction of a sphore into which eloctrons san be erzitied and
subsecuently focused) fer a glven spherical aberration that do sither the

thin lens or uniforw fleld spactrometer.
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An important recsnt dsvelopment is ths suggestion of Frankel(lg) that
it ip penoraily characteristic of & megnatic lens that those slectrons
making o larger initisl angle with the axls reach the axis again st swalley
N2y so that the paths for two glven initlial angles 0y and Gy meat oross ab
come intersediate point (more proeporly, boczuvse of the cylindrical symmetry,
a2 oirecle). With o finite range of @, this ecircle becumes & sons oF sping®
focuz that 15 appreciably sharper than the foous on tho sxis. The use of
tiils ring focus for a uniform ficld speciromeier has been diﬁcééaad in Qo=
tail by Persioo(ls} and Duﬁoad.(lh) The ring focus has been used in this
laboratory with both thin lens and U=ghsped field spactrometers (ses Figs.

Be Discussion of techniques

Soms mention of the genersl techiniques of working with 2 lens type
spagtrometer is perhaps in order,; and will serve to collect in one place
dafinitions of warious terms that will be used freguently. The uss of iron
in such spacirometers iz uwsually aveided,; moctly bscavse of its non=linsar-
ity. The magnetic fisld i then directly proportional t¢ the current
through the lens ecils. This current is deterained by me&suring'with a8
potentiometer the potential drop across 2 rosistor (shundt) with 2 low
tomparabure coefficleny. The momsntum of the slectrons focused is direcily
proporvional o the mugnetic field, and is classically measured in units of
sauso=-centimsters (radius of curvature in o vniform field times field
strength). Calibration iz usually in terms of one or more slectron lines
of known enorgy. Such lines are the internal convarsion photoelsetron
lines from the natural radicactive slemsnts. Very thin (essentislly monoe-

molecular) sourcsy of ceriain of thess slements can be prepared by electiro-
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ctatic collection from the emanation (gasses thoron and radon) (Ref. 15,

pe 560). Those depesits are usually msde on thin flat foils which are
placed perpendicular to the spsctromster axis. The internal conversion
elactrons from such sources ars very nearly moncansrgetic and thsir caergy
has been measured guite socurstsly (see, for sxampls, Ref. 16). If tho
spectrometer field is set to correspond 0 one of these linss, it focuses
all alectrons of this line emitted within a certain angular range of tha
axis; ths acceptance angle, the corresponding solid zngle being usually
expresssed in per cent of a sphers. The elscirons focused are recorded by
a8 thin-wind&w Geiger counter (which counts practiocslly =ll the elsctrons
recsived, as long as the counting rate does not get too high). If the
fiscld ig changed a}ightlyj the number of elesctrons counted is reduced, but
doce not go to zZero, even though no slectrons of this diifersont momentum
are being emitted by the soures, as a simple result of the finito resclving
powsy of the instrument, which 1c supressed most coupletely in terms of the
Swindow® curve, or tﬂe plot of counting rate vs. magnetic fleld in the
naighborhood of a monoanergetio line. This window curve may be mads sym-
matric by adjustment of the varlous apsriurco and i thon quite eloscly
spproximated by a Gaussisn function. The “resolution® 1o defined as Ap/p,”
i@e full width at half maximum of tae windoz curve (usually expressed in
millivolts potentiometer reading) divided by the pesak valus in the sams
units. This turns out to be & constant, indspendent of p. If one is ex~
amining a continuous electron spectrum, then the curve observed is distorted

by the instrumsnt window. Ideally, one would liks to remove this distoriion

* The reciprocal of thils quantity ic frequently ¢sllsd the resolution.
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conpletely and approximate methods for doing this exlst (mathematically,
"aafolding”)} but are laboriocus. If changes in the continuous specirum
within the instrument resolution are small, howevsr, ome may removs the
isportent pard of the distortion by dividing the counts ab & given momentum
{millivolt reading) by this momentum, thus taking ascount of the faet that
Ap/p iz a constant.

It may be noted thalt except for the dirsction of rotation of the
splral path, zlsctrons and positrons ars treated alike in the lens type

apaetrometer. Thoy may be soparated by msans of suliteble helical dbaffles.

Co Daseription of speciromater

The magnetlec lens ype spostromoter wsed in thooe investigations has
boen proviously described in detetl.7)  fng mugnetic £101d requized is
furnished by four coils, ouch of 5.6 inch imner radius, 15 inch outer
radius, and L2 imch length (exclusive of the spools om which they are
wound) and comsisting of 850 turns of F6AWC double cotton coversd magnst
wiré. The vacuws chawber is a thinewall brass tube of 5.0 inch insids
radivg and L8 inch length. Since the four field coils are entirely sepa-
rate, one may get field forms ranging {rom the thin lens to thse U=shaped
field. The thin lens arrsngement (with Frankel's ring focus--zes Fig. 1)
which was used in some of the sxperiments to bs discussed is described in
2efes (17). 1In sows cuses, 1t was clesr that & considerable increase in
soldd anzle wao deoirebls. The leny colly weru therefors rearranged (Fig.
2) te give approximately the U=chapsd f£iold of Sispbaime It was found that,
waing the riﬁg foous azain, bthic errangement govs thres tiuss the zolid
anpls wizh no lous of rosclubtlon, bud thed the nadewe ncoenium olscivrons
that could be fogussd with bho ampers-turns availlable was reducad by a

Fastor of tice



Do BElectron %rageetoriaa

In principle, one must caloulate %arious electron paths_télda%@rminé
the location of the ring foous, such caleulations being long and ee&pli-*”
cated for the case of the U-chaped field.® However, it mey be noted that |
the ring foous is only a poorly-defined intersection of raymvwith a amalg:
divergence, so that it would seem possible to trace various rays expéri»
mentally with sufficient prsoisién. This wee indsed found to be the CAUgy
experimental details being given in App. I. '

The complete trajectories for this field form ars of interest in that
they account for soms of its important properties. The r—components (or
envelops of the family of trajectories making the spmé initisl angle with
the z-axiz) of two trajectories ars shown in Fig. 2. Thess were obtained
by a method, suggested by Dr. C. Y. Chao, depending on the abparently'nOt
well-known fact that the equilibrium position in a magnstlc field of a tau@.'
- current~carrying wire is the sams as the'ﬁath of a fres electron of momentum
pe -eT/I (in the same field) provided only that tﬁe mase and 9tiffness of
the wire are negligible. . This condition was satiefied in our
case with an .003 inch diameter soft copper wire carrying ~1 1/2 amperes
and with 50 amperes through the fisld eoils. The wire wse run from the
source to the desirsd image position, and iis distance from the axis at
various points was messured (no attempt was mads %o measure the ratper amail
tension in the wire). It was noted in particular that the plotted trajec-
tories ars almost parallel (nsglecting rotation) to the axis for a consider-
able part of their length. This is of importance in that it results 1n.a

larger range of aceceptance angle (larger solid mngle), as if the source to

The spproximate eguations for paraxi&l rays, as usually used in such
calevlations, would probably net be suitable hers.
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fmnge ciimwé@ were much smallar, without sctuelly redueing this distance
and consequently the amount of ahiélding; that omn be used between the
souUrcs mm 'eounwr-.

Dr. Chao, in sows unpublished work, has aslsce developsd a semi-supiricsal
expresgion that enables one to aestimute the offect on iths resolution of the
finite siss of the electron sourcs. The varicus distances and angles are
dofined in Fig, 3 (whers rotaetion is negleected). With 2 very swmall zzaemrw
c)f cloctrons one musb measurs experimentally A8/Az and AI/AR for
awall srbitrary changss in ihe curremt AI (striotly, A6/As  should be
measured by moving both the scurce and imege point, leaving the current
conetant). Then Ags the contribution of the source to the full widih of

the window curve (full width ad the base of the oguivelent triangle) is

(Dp AL R__ 08
A&”(p)“(IARlﬁl‘&emGAﬁ
3

Since we are here wsing the widta abl the bave of the windoew curve, A

glven by

;o WaY
be added to the ilmstrusend widih os obteined with & point sowres to give the
total expecited width. One way sloo sstimawe tae width expested with a polnt

soures Srom

L= \3w )
1
4 wn estinole of the widih L of the riny, foous cen be wude, ac 15 vewnlly

possible after ihe roy twaoing descrived in App. T bas boen dome. Thuse

axpressions will be opplisd to spevific csses lator in ihis zeciion.
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Eo Two separated coll configuravion

With the weparation of ths coils fix@d at the spacing shown in Fige. 2
one zay 5till vary the field form by using only part of the avallable turng.
The first cuperiments with the U=ghaped field wers made wsing only the outer
pair of coils. Although this configurztion proved to s not too useful,
mostly because of the lixil om the masdmum snoryy clootrons thad could bo
focused (~ 4 Nov) ond becauss it wes too sensitive 1o souree size ond loca-
tion, some of its properiiss are intercsting. In particular,; there was
gvidence that the outer pert of the itrangsissico zups corrasponded Lo a
surprisingly large solid angle. Fig. ha, for example, was obtaimed using a
smadl source and counter opening (0,078 ineh) end @ iransmionion some from
265 inch to 5.0 inch radius (in the plans midway between sourcs asnd cvunter).
¥hen the soures and counter opening are axially syrmetric with respoct to
the magnetic field colls, a prominent p@ak'appaara 8t the low current side
of the rectangular distrivetion (this shape is found because sphericsl sber—
retion makes the imags wuch larger than the counter opening). The dis-
appearance of this peak when asywmstry betwsen the source and counter is
introduced is not surprising if one notss the behuvier of ths trajectoriss
as shown by the curreat-carrying wirc. If the wire iz fixed on the axzls at
symwetric polnts, then it io symmeiric over its whole lenmgth. Ii ons {or
both) of the axial poinis are woved slomg the axis (o the right, say) thep
the polot of wezimuw excursion from the azls woves much furither in the swme
direction, and ths trajectory becomes warkedly ssymmeteric. Ho detailed
measuromends weve made, but it was estimated that a 1/16 inch displacoment
of the axisal points resulied in a 1 Yo £ inch displassment of the point of
maxivvm excursion. Soms moasurg of the asyumsiry was also obtained in the

course of ray trucing {as in App. I) to wet up the ring foous, when 1% was
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found that in the neighborhood of the counter, and for a ray of maximum
gxcurcion from the axis of 3 7/8 inches, A®/As = ,077 rad./inch (change
in angleo with the axis with change in point of interssction). Por tho axe
treme rays (5 inch maximum excursion) A8/As is soveral times as largo.
The foocusing properties thus change rapidly if one moves the source away
from the symmetric location and the large solid angle associated with the
outer rays disappears.

Resulte of a further investigetion of the large selid angle assocliated
with the outer zone are shown in Fig. 5.

Using a transmizsion sone from L to 5 inch radius, the location of the
ring focus was determined approximately by the cgossed 8lit methoed of App.
I. With a "gtandard® cob0 source (ses section F below) & resolution of 28
and 2 solid angle of =~ 5,39 of o sphere were obtained. I also seemsd prob-
@blo that the widih of the trausmission zome could be reduced by 308 without
appreciable loss in selid angle, althouzh the experiments involved wers not
conclusive. An example of the offect of source size is glven im Pig. Lb.

S1atls ead Stogbahn(18) nave recently publiched dotalls of an extondsd
gtudy of & speostrometer with an oven more oxtrese fisld form than ours, for
which they claim a solid angls of 8% with a resclution of 4€. Their resulis
corroborate ours, in gensral. However, thsy found the ring focus, if it can
still be thus named, in the median plane; in contrast o ouwr cause where thers
was eclearly a ring focus at 1/9 the source to counter distance from the
counter. They also itraced sleotron trajectories,; using a photographic
technigue, and found the type of asymmetries described above; but regard
them as representing the focusing properties of the fisld with a point
aoures, rather than as the effect of source sizs. Since they used & 2 mm

diamater sphericol source, which ean hardly be regardsd zs 2 point source
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{as they themselves proved by showing that the intensity dropped to half
value 4f the source was moved 2 1/2 wm oxially), some large part of their
observed asysmetry sust be attributed to the finilte soures sizme. This is
of importance principally becauss 1t would appesr thal their solid angle
was determined by measuring the iaitlal angle with the axis for ths extreme
trajectories. If this is so, thelr solid angle estimsie muet bes reduced

appraciably.

Fo Four separated coil confignraticn

With all four colls of Fig. 2 carrying current, elsotrons up to 10 Mev
eould be focussed, thus covering the rangs of intsrest in alwmost sll casss.
There was no large loss of solid angle from that obtained with only two
coils, and this arrangemsnt was less sensitive o soures oise snd position.

The location of the ring foeus for = 2 1/2 to 5 inch rodlus itranomise
sion zone was determined by ray tracing (details described in spp. I). The
two sxtreme coumplete trajectoriecs shown in Fig, 2 wore detersined with s
cuwrrent-carrying wirs., It was noted in particular that the asymmeiry ine-
troduced by small ochamges in the source position was much leass than when
only the twoe cuter colls were used.

To measure absolute intensities of y-radiation, the solid angle from
waich the spectromster collsets secondary elecirons must be measured. As
discussed in Sec. I7I, there are two possible definitions of the solid
angle. The more natural, snd perhaps more significant in considering the
merlts of a particular spectrometer design is as the total solid angle be-
twoen the minimum and maxispmn initlal angles an eloctron can make with the
spectrometer axls and s3ill be counted at some value of the spectrometer

fiold (for a given momentun electron, the fisld correspounding te tho
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maxiwus angle may not Bo the same 58 thet correspending to the wdinimom
anglej. Thls solid angle will ve designeied by {l. The second definition
i3 of the solld angle ® (whieh wust Le used in intensity celeulations) awm
the ratio of the nuwsber of counts at the psak of an internal conversion
line to the numbor of slectrons per steradian emltited by the sourcs.

£ 1s measured sa2sily and divecily according te it definition. Cure
mast be taken to use ¢ zmell enough sowress and Lo msasure the angles suffi-
siently closs to the sourcs.

® , on the other hand, is somewhat more dilfficull o measurs to the
accuracy that iz desirebls, bsoauss of the difficuliy involvaed in obtainiag
an internal conversicn line source for wshich the number of clecirons emiited
is accurately knowm. Although sultabls sources of known total sstivity (or
disintegration rate; are avellatle, thz number of internzl cenversion elec-
trons per disintegration 1s difficuli to messure experimentelly and is
generally not known {o cleser than 10 to 20§. For sources of known f-sctive
ity {continuous spectrum} or y-activity, the metheds of Sec. III may be used
to measure ®. One mey also obtainm a fairly sccurats valus of ® by deter-
mining the werimow and minisum inltisl engles with the axdls of slechbrons
sorrssponding to the pesk of an intorasl converslon linme, casleuleting the
coerresponding solid aasgle and subtracting the eflest of obztructions such au
the helicul baffles and suppords for the esniral stops,.

Bocause of ths lack of suliteble souress, wils lost mothod was used o
moasure both L and @ for onr opectrumoder. An annular aperture, shewn in
Fize 65 was used. It waes arranged so that it could be moved accurately
msasured distances along the spectrozeter axds and would remain well cen—
tered. 4n 0,02-inch diamster ThB F line seourcs was used, the curves

cbtained for verious soures %o zlit distances being shown in Filg. 7.

.
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Takine account of the change in zolid angle subtended by the anmulug with
changes in dictancs from the soures, one can calculate frem these curves
and the known geometry the angles with the anis corresponding to both ()
and @ a3 ay, =15% a' =27°10' and a = 20%5'. Here a,
corresponds t0 & source to slit distance of 0.95 inch, which gives a factor
of two reduction in peak height. Since this poak occurs at the sams mag-
netic field {28.6 uV) as that for the whole transmissicn sons, Cpin 18 the
mininum angle appropriste to both () and @. a'nﬂx corresponds to a sourcs
to slit distancs of 0,50 inch, whers the intensity at 26.6 mV is dowm by
ons half, and thus is the muximum sngle to use in caloulating @, Gpays OB
the other hand, corresponds to the source to slit distancs of 0,475 inch at
wihich the poak height is down by one half. Since the peak has shifted
(Lo¢ss iz now ab 28k uV) ay,. is the maximum angle to use in caleulatinmg ().

Certain relative positions of the source and siit are shown 1n Fig. 8a.
It may be noted in particular that a source to =lit distancs of 1,00 inch
should also have been trisd, %o ascertain positively that ths psak helght
waz falling off wmore rapidly than wwﬁld be sxpeoted Jjust from the deocreass
of the solid angle of the avnmulus with distance. From purely geometric
considsrations, it is certain that Gpin 18 not less than ~13% and the
error in () end @ from this cause is less than 10%.

The correction to ® for obstructions in the transmission zone is
estimated as 20 & 5. This gives Q = L.i5 + .28 of L steradians amd
® = 0480 x 3681 & o2% = 3.05 & 2% of b steradlans. I¢ may be noted
that the source used was go swall that effecte dus to 1ts size were negli-
ziblg, that the slits were close enough to the sowrce that the (projected)

glectron paths could bs gonsidersd as straighd lines, and that, as illus-
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trated 4o Fig. 8b, affects of walalignment {estimated as < 0.015 inoh) are
negligible.

The same sourcee was alsc run with the slits moved completely out of
the transmission sone; as could be dons without moving the source. Ths
ratio of peak heights without the slits and with the slits in roughly the
center of the whole acceptance cone, then gives ®, in terms of tﬁe sclid
angle subtendsd by the slits, as 0.80 x 3.65% = 2.92% of 4w, Thers is
some question as to the walidity of this method, and small errors in deter-
mining the selid angle subtended by the slits bscome impariant, o that it
is regarded mostly a3 a rough check of the other resulis.

The curve for ths whole transsicsion sons shows an asymmelry snd a flai
tops both attribuied to sligh) malalignment, which is verified by other runs
of the window curve with ike same source size zad aperture loecsticns that
gave resolutions of 1.90 (o 1.95%. The reculis of these msaswrenents wers
used to determine the solld angls of cther spactromster configurations
through the intermediary of a ®standard” co® source (half-1lifs = 5.3 years).
This source™ consisted of a fow ag/cme of GaCl2 {natural Co + radicactive

Goéo) precipitated in an 0.12 by 0.15 inch rectangle on 0.001 inch copper,
held in place by shellac snd covered with 2 3/8 inch dismster thorium foil
of superficisl density 16 mg/cmg. Puotoslectrons from the two y-rajys of
Cot0 (1172 aud 1331 k@v)(h) are ejected from the thorium foil over an area
whose effsctive diamster is estimated ss =~ 0,15 inch. In some cases the
ThE ¥=-line was used instead of the 0060, the activity of the source being

measured by a wonitor (Gelger counter in a zbandard positiom. The difficuliy

Kindly preparsd by Dr. J. He Sullivan of the Chumistry Depurtment of the
Californis Instituts frag cob0 supplisd vy the Atomic Ensrgy Comsission.
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of reproducing this geometrf made the methed not too satisfactory. In
using these sources, it was assumed that both () and @ were proportional
to the peak height, the factor being given by the messurements of ® and
§) described above.

To determine the offect of source size and alignment on the resoluiion
for the four separsted coll coafiguraticn, a small F-line source was moved
radially off center by measured amounts. The results are glvea in Fig. 9
and in Table I. The width (ass determimed by the extrapclated edges) ab
the base of the window curve with an off-center source should be roughly
the same as that for a full source whose radiuvs is equsl to the distance
of the extreme source point from the axis. Chao's formulas (Sec. II D) may

then bs used to calculate this width.

Table I
* 4

L Ay Sets Dg* | 0% O B e ©
(inch) (%) (inch) (%) (%) (%)
A '23 4 1.60 .06 0.347 201 305

023 10& .18 103»1 300 531

w2 1.60 <30 2ok 4.0 6.1

023 1060' ohg 3-3 ahog 8.1

% Caleulated. Hote that 8§ 1: the source diameter.

o may be noted that oxperisentaelly the width at the base is
generally found to bs sowowhal loss than twice the full widih
at half maximom,
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G. Couwparison of various fleld forms

A tabulation of the resolution and solid angle experimentally obtained,
as given in Table IZ, may be of interest. The widths at the base of the
windew as calculated frow Chaco's expressions ars also glven., In most casses,
the experinmental resolution must be regarded as an uppsr limit--1% cannot
be guaranteed that the alignment of the sourcs and stops with respect to
the magnetic field was perfect or thst the ring focus stops werc located at
the optimum position, although in no cass would mors improvement in the re-
solution than about 309 be expected under optimum conditions. Cheo's ex-
pressions thus give consistently low values as would be expected from the
paveral sluplifying assumptions involved in their derivation. They are
54111 of much practical use in estimating the change in reselution for a
given change in source size, however. For our work, the main advantege of
the U-shaped fileld over the thin lens is not, as would ssem at first glance,.
the largzer solld angle, for the solid angle of the thin lens may also be
incrosced by decreasing the source to counter distance,” but the large
soures Lo counter distance at which that solid angle ic obtained. This is
of somr imporvanco in cutting down backzround from scattered electrons and
v=ruys and is of special importance when weak y=rays from nuclear reactlions
with a larpge neutron background are to bz studied, for our atﬁampta to re=-
duce thls background (see Sec. V D) have shown that the most uséful type of

#snislding® 1s the 1/r® decresse of neutron flux from a point source.

sssuming that the diameter of the vacuum chamber is fixed. The prinoci-
pal difficulty encountered in setting up such a configuration would be
oxpected to be that of finding & large enough thin-window Qeiger counter
Yo count all the rays through the ring focus zone st a given field set-
ting. Alwo, the background rate of such a8 counter would increase with
size.
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Table II
h . d
N Loy 8 Dg |Bp+ By |Dg,,, | Ou/e ﬂ:-g;’-;-:am.
{ineh) (%) {ineh) | (%) {%) (%) (8) (8 of Lm)
Ao Thin lensz
spoint | focus @ .12 - - ~13 ~ 1.6
93)415 2.0 012 0.? 2.? jot’i 1.9 ¢ ~ 1.05
o7 2.8 d2 0.7 345 4.0 | 2.3 ~ 1.5
025 1.5 12 | 0.7 2.2 2.5 | 1.45 = 1,05
B. Two separated coils
“pointt | focus & |~ 05 | - -— ~ 10% ~ 65
o2l 1.5 ~ .15 1.8 3.3 3.8 | 262 = 5,8
015 0096 ~ o0l 0.}43 lohh 2.1 1.2 -— 8
015 096 = 012 lohh 2-h0 305 2-1 - 8
C. Four geparated coils
"Point" | foous & | ~ 08 ~15 ~ 4.5
083 0.59 12 o955 1.54 2,05 1.1 2.1
023 1060 012 095 ! 2.55 hog 2.3 h.h
023 10& v ”'15 1-18 2078 hol 2.3 hoh
23 1.60 .02 016 1.76 3¢ | 1,90 Lol

Ao

C.

Ae
“

Qe
Co
d.
8o

~

I,

<A£> 059 inaa™dy (é_> =05 8=12.5% R = 1 3/16 inch.
i § 1 As 1

=2

A - P v
£L) 08l hmﬁ"l —=) = ,077 inch™+ L; B ~31% R = 2.83 iach.
10R )y Az )y

~

: A®
<—=é-£> = 070 mch"lg | = G012 iﬂcizx"% Be 2390 R = 1 1/6 inch.
IAR 1 Az 1

Estimated.

From linsar exirapolation of front and back edges.
Mechanicul alignment waas apperently quite bad,

Ho allowance for =~ 20% loss in bufiles and supporis.
See Fige 4b. Trenswmission gons L inck to 5 ineh radiuc.
Por rays with maximem excursion frow szxis = 3 7/8 inch.
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He Use of spectrometer with slecircstatic aceslerator

In the investigations described in this thssls, the f~ray spectromeler
was used to investigate the ye-radistion produced in nuclear reactions re=-
sulting from the proten or deuteron bombardment of light sloments. The
proton or deuteron beam was obtained from the 1.6 Hev Xelloggz Radiation

Laboratory electrostatic acoelerstor.(19}

The beam is analyzed into its
atomic and molecular ion components by a magnetic deflection of a few
degrees, and the selected component is deflacted through 90° by a second
magnste This magnet served to determine the eneryy of the protons or deu-
terons to gbout + 0.28. By means of insulated slits plus suitable coroma
contrcls the varlations with energy of the defleection of the beam were used
to control the acoslsrator voltag@.(go) The anslyzer magnet wes not cali-
brated. Rough voliaygs msasuremente wers wmade by roferring te the peneraiting
vcltmﬂtar(lg) and fairly accurats moasuremcnts could be mado by holding the
. voltage us measured by ths gensrating voltmoter constant and switching the
beam from the magﬁatic analyser to the sleoctrostatic analywer describsd by
Fowler, et al.(zo)* Excitation functions (variation of yisld with voltage)
oould be woasured by cnanging the volisge by equal steps eithor with refer-
anoe to the gensrating voltmeter or the current through the field coils of
the analyzer magnet, the latter method being mors satisfactory so long as
hyatarasis-effeota in the iron of the magnet were avoided.

Because of the large stray field of the anelyser magnet; the spectro-
moter had to bs placed abuut four fa@t‘from ity the team travelling this
distance in a l-inch copper pipe open to both the spectrometer and acoeler-

stor vacuum systoms. The besm was defined in dirsction, position, and sisze

®  ic desoribed in (20} a porition of the lower slectrostatic enalvzer de-
flecting plates could be moved to ellow the beam to come stralght through.
The bean would then enter the magnetic analyuer.
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by & system of adjustable slite at distences of 6 to 21 inches from the
outoide face of the spuctrometer end plate. Since 1t was found that the
thin-window Geigor counter in the spectromester was sensitive to the soft
x=-rays resulting when protons were scatlered off the edge of thess slits,
an orifice enly siightly larger than the bssam was placed at the speciro-
moter end plate and was found %o eliminate euch counts almost ccmpletely.
Pargets to be bombarded were placed at the scurce position of the speciro-
motor (see Fig. 2), any converters desired being fastened directly to them,
and this whole assembly was supported by & fine copper wire to avoid ex-
transous conversion and scettering sffects.

This wire was insulated so that the bsam current to the target could
be measured and was kept at +100 to 300 volts with respect to the spectro-
meter to collect low energy secondary electrons ejected froR thes target by
the beam. When a thin target without any backing or converter was used,
g0 that the bsam pensirated complqtaly through the target, the boam current
was measured by an insulated plate 5 inches directly behind the targst.
Currents moesurements made in this manner were not reliabls, probably be-
cause of secondary clsctrons from residual gas in the vacuwum chamber.
Spoctromoter counts were taken cither for a given integrated beawm current
tu the target or for a given votal y-ray yield from ths reaction, as
measured by a shlelded y-ray counter an appropriate distance from the
target.

¥out of the bsam et the target position wes within a rectangle ~1/8
by 3/16 inch. This was usually trimmed, by setting the sliits, t¢ ~ 0.1 by
0.1 inch without any large loss of current. Targets and converters, except

where specifically noted; wers 0.3 to O.k4 inch in dismeter.
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The axis of the spectrométer was horizontal and along the magnetic
meridian. The ver%ioai conponesnt of the sarth's fiu1ld and tﬁe stray ficld
of the analyszer msgnet were approximately cancellsd out by two pairs of
large rectangular coile, the criterion for satisfactory cancellation being
that rasolution be the same for a 150 kev elsciron lins and s 2.50 Mev
line (internal conversion PP" and #*X" lines from a ThB deposit). 4y dis-
cupged by Hornyak (#ef. 17, pe. 79) 2 corrsciion was zade for the component

of the sarth's ficld along the axis.
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I1Y. Isasurement of Jamua-ray Intensitles

A, Introduction

With a f-ray spesctrometer one observes yeradistion by observing the
gecendary electrons produced by the radlation in traversing matier. The
various proocsses in which thsese cloctronsg are formed are well understood,
and ths probabilities for their occcurrence have boen calculated, Iinsofar
as such calculation is feasible. The baslc relations between the chergy
of the y-qusntum and that of the secondariss are simple. Ths accurate de-
termination from a secondary elsciron spectrum of the energy of the primary
y=-yuantum 1s, on the otﬁer hand not simple because of the eneryy losses of
the electrpns in Becaping from the converter, as discussed in detail in
Roef. (17). This difficulty arises basically from the fact that ths con-
version probabilities are low, so that one wust usually use converters of
apprecisble thickness to gét statistically significant numbersz of electrons.
Calcuiation of these energy losses is possible but, even with many simplify-
ing assumptions, complicated, and has bsen the subject of many published
papers, of which the most recent and most general is by Niels Bohr.(2t)
There is also very little experimsntal verification of saloulstions that
have been made, not so much bescause the experimsats are difficult 28 because
they represent o case where the basic physical principles seem to be well
understood and where detalled application would seom to be no? too fruitiul.

For a detalled discussion of this problom, reference is made to the
papar of Bohr mentioned above. MNention of the salient festures may be made
here, however. 4 fast (velocity ~ velocity of light) eleciron traversing
matter loses energy principally by collisioca with free electrons and by

exciting and ionising the atoms of ths matter (radiztion is also possible,



.-

as Dressgbratlang, vut aot lumportani in our éase). Since 1t is interacting
with othsr elscironsg, snayey losses up toc nalf its original eneriy are
vessible {for greater lussesy the struck sleciron with wore tham half the
gnergy replaces the original clectron) and lesses of soveral ticss the
averays ionization eneryy of the atom are proebable, sliihough nod as pProbe-
able as cmaller loases. For a given path length, £ , both the musber of
collisions and the amouwnt of encryy lost in sach ars subjoct e statictiesl
Fluchuations, or gwrascliing. The tobel onergy losd by the olectron {n the
distance £ ocen be represonted by a Gaussian prohability disitrivution on
whicgh is supersposed a long tall representing the relatively luprobable lsrge
enoryy losses. %he peak of the Caussian is the "most probable” enersy loss
and 1s a function of L as well as of the stopping waterial., One may slso
take into account the tzil and ssleulate the Yaverage! energy less, which
is the gquantilty more commonly given. The path £ will not correspond in
lengih to s stral bt 1ine in {he oripinal direction of the eleciron, for
the eleciron also interacts wiith Coulowh field of the atomic nuclesus, with
& probability roughly proporiionsl to 22 (Z = nuclear charge). Since the
slectron is wmuch lighter than the nuclous, it doss not loue ensryy but does
ghanze dirvection. This scatiering is zlso subjeot to statisticel fluctua-
Pions which ajpsar as varlstions in the incresase in path lengih znd cen-
tribute further to tne stragiling in cnergy losc.

hen the electren im guestlon is ong thal has beon cjected by a =
guanbtum and counbaed by the speetromstsr, we know only thal 1t has been
ejocted somewhers within the converier and eseryed from it #ith its diroc-
tion and momentum within certain appropriate ranges. It iz clear that it
is not a siuple watier ito deterwine the energy of ths primary y-radiation

gagily and accurately from o collection of such data. A reasonably accurats
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solution of this problem has been obtained by Hornyak.(17) It e also
clear that therc will be some difficulity in determining the intensity of
the primary y-radiation, since this requirecs essentially that == account

for all tuoe secondary electrons,

B. Photoelectrons

The most generally useful secondary selscirons for detecting y-radistion
from a few kev to ~ L Mev with a f-ray specirometer are pho%oelecﬁ?onﬁg Hg- |
cause they ave initially practically moncenergetic® and their intensivy
cozpares favorably with that of other secondaries in thi:z energy range.
Sauterqza) hag found the differentizl photoelecirie cross section to be
ziven by |

do= £(hv) 2° sa? w 60 V1 - ¢? L 31 =V1 -2 -2p2
(1 - cos w)3 (1 - § cos w) 2(1 - @9)

(1)

vhore hyv is the guantum energy, 2 is the nuclear charge, § = the velooiiy
of the ejocted electron in units of the veloolty of light, and w = the
angzlo botween the quantwa and the ejoeted slecizon. This oxpression i
relativistically correcty bub hes been derived by the Born appraxhaatioa,
and thus holds only for (2T Z/1378) << 1. The Z5 dependence imdicstes thut
it will be desirable o use the largest possible Z (e.g. thorium, Z = 90),
where Sauter's result is not valld. However, the differsntial crosz seciien
has not been caliculated to0 any bestiter approximailon; sc that we are forced
to use his important result that for high energy quanta the photoelecirons

are ejected mostly in the direction of the quantum, half of the elszoctrons

R < may be noted that photoelectirons sjoocted {rom the K-shell are of the

erder of five times as intense as thove frow the other shells, providing,
of coursg, that the quantum ensrgy is gresiter than the X binding energy

S e



being withla 2 cons of nalfl angle wgy wiere w, is glven by
eos W, = P (2}

Exact nussrical cglculationa of tae totazl cross ssobion for certain
lorge values of 2 and for two enersies {C.50 and 2.2 mocg} have boen nads
by Hulss, ot al.(ZB) Theoy werify the valuvss crlevlatod fyom & formola due

Sy 2 WY ¥ 2 VBiues L AT FON 3 G 7
el Hall(2h> and uwse Hall's exprocssion to interpolatsz betwcen their caleous
lated points, elthoush they poiok ouwt that Hall's derivaiion is opoem to
critlcivme The ozlculotiony of Bulmz, et al, hove been goperimsntelly
ciecked, sccording to Heitler (Ref. 25, p. 12k) at tuo poiats,

To determine the number of phoitesluciron: per y-quanfim thed are ejecied
into bhe spectrometsr acceptance angle we must koow the effuvcitive thieknens
of the converter. The converter geomeitry io shown in Fige. 10a. Thy y=
radistion is considered to bs lpotropic and wonosnergeivic. The cocrdinates
needed to describe photoelectric converzilen srs siown in Fip. 10b, whers

€ = the angle betwesn the j-guantum end the spectroweler axig.

8 = the angls between the photoelectron and the spectrometer uxds.

w = the angle betwsen the photoelectron and the v-quantum.

Y = the aziwuthal angle of the photoslectron sbout the direciion

of the y=quantim.
0% = mambeyr of atoms pur o’ and thlckness of the converior,.

#s shell first oegleet ccativring. The cifcetive couverier thickness

iz
$! .
= 3
coS € (3)

where cos € is the meun cousine of the angle belween the spoobrometer auxils

and the ¢=ray, nd may bs estimated as follows.



1Z ﬁfK {w) is the probability per X cleeiron that one quantvn per wald
. N
solid angle in tne rangs € to € + de€ will eject s photoclectron per wald
sulid anzle Inte tho ramges w e W ¢ dw and ¢ te ¢ + dy¢, thoen the

muber of such elestrens is given by

}‘3 Vt .
ai = === 21 d(eos €) Flw) dlcos w) Ay, (4)

The angles are yelated by the terizonumetric relation
cog © = cos w cos € + sin w sin € cos . {5)
Differentiating, putiting d€ = dw = O and elininating sin ¢ one obialns,
after some gimplification

4y = d(cos 9) (6)

\/[0@5(8 - W) = cos €][cos € = cor(® + W]

¥hon zhiz is substituted in (L) we gat

a5 hwat dleos €) {{L{w) dleos w) d{cos 8)
N =

(7)

o € \/[coe(@ -W) = ¢os e][cms € - pos{8 + w}] ?
= Y (8 €, w) <€ A8 dw
Theny with asppropriate rangss of iatesration,

Jae Ja® [dw cos € H' (G €, w)
fae [fae [fawHr(e, €, w)

(8)
Sings the rauge of € corresponding te the asccspiance zngle of the
spectromster 1s swall, we wgy replace 27 sin € A0 by O, the s0lid angle
of the spsctrometer and neglect thily inlegration, pubting in the mean valw
)

o Slnce the only expressioca we have for the anpulsy distribuiion of tho

photeslasiron: s the rather couplicaitud ons of Sauier, we sk the
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assurption that he phctoslectrons ars all asitted 2t the angie w o ss)@"l{s
to the guantum directiom. If o’K is the total K=-photoelectric cross ssction,

and O iz %he Dirac delta function, then wWw subetlitubion can be writien as

Py (w) =07 3w - w,) (9)

Integration over w itusn gives
-1/2

d{cos €) {|cou(®, ~w, ) = cos €| |cos € = cos(®, +w, )
7 © 0 €

€ =
d{cos €
f_i_?ﬁ_z_l {[ce&(ee - w,) = cos

Con

COH

- =1/2
6] [ccm € - coss(sa +w_.~t}]
The cubstitubion x = coun € reducss bobir of theve inteprsls W fovas found
in intogral tablos. Tho limits of intepratlion arv €4,y = 6, - w and

%
Crax = 8 + w.

The resuld is

cos € = \/00&:(90 + W) c@s(eo - W)

(11}

Two possible scurces of error in this nmay be mentioned. The {irsdt and
woot lwportant is that the phencmenon of seatierlng has been nsglected.
Ons important effect of ucattering, which haz been obusrved sxperimentally
for several yerays pstween 0.4 and 1,5 Mev, iz thal the number of photo-
gloctrons that can be assceiated with the y=-ray (area under the CUIVEe=——n2E
Sac. D below) does not vary lincarly with the converier thicknsss. This

is undoubtedly & zecatiering phenomenon, azd can be visualized roushly zo
A N 8 &

@

AL S

Except that if €. > W/2, the spproprists limit is 7 /2 = 8, where &
can be esvimated from the aticnusbtion of the y=radiation in the econ-
vardver. This ic an exireme caso reoguiring, for example, 90 = §0%, sod
photoslectrons of < 160 kev.



follows, For wvery thin foils, in which scattaringlis negligible, vnly
those slectrons originally ejecied in the range 6, & Z&Qo {scceptance

angle of the spectrometer) emerge frow the foil in thet rangs, and their
snergy losses will be small, sc that thoy clearly belong to the photoslee—
tron peak. 43 the foll thickness iz locreased, scatderin; starts to become
apprecisble. when the root mean square scattering angle, 9, is still small
there is no nodticeabls eff@ﬁt (other then the lincar variation with foll
thickness), the numbor of slectrons scattersd out of the acceptance wone
into the ranges @, + A@, to 6, + A8, + § and 8, - AQ, to 8, - A, - d
being roughly compensaited by the number scatiered into the acceptance sons
frouw these ranges, since ths number of elecirons originally ejscted ay an
angle @ iz proportional to {(cos® @ = coazcuo)-l/a ~ cos 0"}, However, in
the cases with which we are councernsd, where B for the electrons is ~1 and
Go is small (30° or lees), there are a large number of elsctrons at larpe
Gl}vtw/? - cos’l 6i] that were ejected by y-rays travelling roughly paraliel
to tho converter foil. When ® bucomes large enmough so that these cldetrons
are scabtored into the accepbance zoney, & rapid increase in the numbsr of
phutoelectrons counted is expected (and is observed expariﬁ@ntally).*

On the cther hand, for foils thick enough wo that scatieoring ic ime
pordant, we beglp to find energy losses sufliclenl to place the clectrons
down in the continuoug backyground of Compicn vlectyrons or scatlercd photo-
electrons from higher snergy y-rays, so that they can no longer be clearly
aszoclated with the photo-peak in gquestion. With further incresses in foil
thicknsos, this seecond effecct becomes prodominant,; and we reach a "aplura-

tion? thlcimess beyond which additional con?ertgr produces no effect on the

For examples, see Fig. 27 and Ref. (17), Figs. 34, 35, and 36,
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photo-peak (until, eventually, attenuation of the primary radiction becoums
noticeable).”

The problem of scattering, with energy loss neglected, c¢an be treated
thooretically by considering Bﬁthe's(%) diffusion equation, which may be
written for our case

2, ¥ _ o ar  af | ,
AopD T ¥ Tl .

Hore £ = £ (p4xgl) is the distribution funciion (per unit solid angle)
for electrons of velocity 4% in an infinite plane sheet of material. Ths
x coordinate axis is takem normal to the plazne and M is the cosine of the
angle batween ;' and the x-axis. Electrons are presumed to originate at
the face x = O and to have an initial value of u > 0. £ is the actual
distance travelled by en electron in golng from x = 0 to %, =x and L are

both measured in units of the diffusion length A; definmed by

-}; e ani/o'(a,v)(l - ¢os o) sin o da. {13)
a ;

Here ¥ 15 the number of scattering centers (nuclei) per unlt voluwe and
o {a,V) iz the cross seciion for single ssattering, a beln: the scatiering
angle. The lowsy limit on o is set by the screening of ths nucloar Coulomb
fisld (scattering field) by the atomic elsctrons. The upper limit, of no
great importance sincs O becomes small for large augles, is usually tskon
as /h.

Solutions of this equation have been discussed by Eoth@(26} and by
Bethe, Rose, and Smith.<2?} A particularly sismple approximsie goluvion,

well-adapted to our work, has besn developed by Re. (. Thomas in uwnpublished

See footnote, previous pags.
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Fork dono at this laboratory. He starts by assuming thav the zgecond
derivative is small, and that for tho region of interest M ~1l. The firsv

order eguation wuus obtained is easily solved by standard methods. If
£, i )L} is the original distribution of electrons befores any scattering,

then @ zets a relation botween L and x (the "wmwag factor")

ait. B l] = e
{ = =2, In( }*Km) (k)
whore , is o scabtvering length defined oy
= .2‘. ’ (15)

and an slestron distribution

£= gy (p- ) (16)

*m

Now according %o eq. (11), £ ,(p,0) is given by
. NO"K d}l-dx B D—xd/..(-dx
folp) dpdx = i - (17)
cos € \//u - stn® @
Those slsctrons origineting at x = 0 then have z distribution
Bogdu dx

KM (18)

f(}l.,x) d).Ld.xu > .
\/( -?3;::) -3in2wo

One thing partisularly notable about this dictribution i that it

becvuss infinite at p- (x/%y) = sind Wee This we kmow 10 be too extrems.
Thomas therefore expands T{u,x) in a power seriss in }*:,,/x.M and keeps only

the first $wo berms, This gives

350" duds con © %
L{psn) du d = XK I : = (19}
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We gan thersfore write for the nuaber of elscirons forved in the converter
and emerging from the face at x = ¢ and at the angle 8, {acceptancs angle

of the spectrometer)

Ide =

%
oy d 8 -
Hoygdu ‘[ ax |1 + cos 84 x
V6§ - sin§ 6, .

ol 1 % °
= L = = :30)
T e, 2 _ cin® (2
\/ﬁ‘- - gme 00 i g = sin 90
Hox ¢
I e e
co8 €

This expression is not too accurste, since the approximstionc mads in
the diffusion eguation are not walid where it will generally be used. How-
aver, it is simple and easy to use, and its general behavior for varlations
in converter thickness seems quite reasonables. It certainly contributes no
moye error, and probably much lesé, than the coriginal assumption we were
forced to make in deriving it, that 2ll the elecirons corresponding to the
known total photoeleetric sross sgction; o,y are sjected at the angIQ.

£
w, = cos™t £ to the y-quanbum.

The order of magnituds of the error recvvliing from this approrximaiion,
which is the sccond source of error to be considersd, may be estinated
roughly. If one calculates from Sauter's expression the ratic of the dif-
ferential cross section st the medien angle wy = cos™! £ ¢o that at
w= /2, one gets for 400 kev clectrons (f = 0.83), for ocxmmple,
do (w,)/a0" (7/2) = 36. wath our converter geometry, it i possible for 2

v=ray at very close to 90° to the spectrometor axis to have a path through

the converiver very long compared ¢ the converier thickness (2 factor of

L]
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100 is possible, and in practice this factor is probebly betwoen 25 sud 505
This will give an appreclsble number of clecirons thsi are not acscounitad for
by eqe. 20, It 1s not clear how thig can bs correcied, sspociaily cince
Sauter's formula can be cnly very approximately corrscet for the larse valuew
of Z of ilntorcst. However, a rough corvecilon term may bs addzd 66 eg. 20,
It may bs noted that according to the gsnsral plevurs of the «ifescts of
soattering, as glven sbeve, scalisrin; oot for these partleudar clachtrons

will be compensated by scatisring in. Eq. 20 snay be then rewritien as
4

oz doim/e)
Id}}. = N d}L ==t bo, T {21)

cos € 40wy /

Heve b is 2 constaub thab depends on thy converber geowsiry. Foy pracileal
casesy it is nobt oo essy o evaluate beseause of departurses from the idesl-
iged goumetry {e. ge——converters will not be exactly flat), bul may be
gvaluated enpirically, as in Ssc. ¥ C.

%o must conclude, howsver, ithai m.m cuyr yoncral o of scurcs—-oone—
vertor peomatry, which is dsuigned %o glve the weslvum conversion sfficicagy,
We cannet espest o g;;a‘i 2vsolute intensities ol y~radicilud, or melative
intensities for yerays differing mueh iu oneryy, with &y Sresh 2Qourseye
Changey in the geomsiry may be made thab would isprove this uituation.

Even then, i would seesn thiat the only complsiely seblafactory swpsrimend .
would De ons in which the distribulion of photeclestrons with respech to

the direction ¢f the y-radistion 13 actually wweored.
i K
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C. Compton eslectrons

The situation as far as the use of Complon sscondary electrons is
concerned iz much better. The differential cross secticn is glven by the
woll-known Klein-Nishina formula for any enerzy or convertsr of intersst
in the present typoe of experiment. Thse number of Compton secondarics
ejocted depends only cn the number of electyons in the converter, so thad
any element is roughly egually suiteble as a converier, and we can thus
avold the heavy elements and the associated large scattering.”

Since the Complon elestrons have & continuous energy spectrum, they
are not ag convenlent, in sone ways, as pholoslectrofs., There is come
preferences whici incresses with increasing energy, for slectrens to ve
ejected with the maximum possible enerygy, but below aboui 3 Hev; the re-
sulting psak is not as prominent as the photcelectric.peak frow a heavy
converter of equivalent thickness (messured in units of c¢leciron snergy
losgs),; and the continucus spectrum introduces e troublesome background if
more than one y-ray line is present.

The Klein-Nishina formula has been applied to our spociromster and

(17,28)

convertar geometry {(sz in Fig. 10} by Horayak, His result is given

by

2 1/2

© ann Lm© netr°2 [(v+1)2 + &) /

=
L ypula+ 1+ 2+ 249
| , ; - - X = 805 92

° ‘?“-1 ,"7 @ "1 X

L <a +1> e D) (a+rivey) cosk = (&e)
& 4 (1 +“‘~)2

" “x=coz 6

There i1z sowe advantage in using elements in the neighborhood of copper
where the anergy losz of a fast slectron psr couverter electron is «
minism,



where " 1/2
(eerd
P o (L+y)e , op e Ayl
Puax [; + ] mas ey +1 7
1l+2y

Hers di"/dp is the number of slzctrons per unit momentum interval
sjected into the scoeptauce angle of the spectrometer (6 to 92) ty ons
quantum of isotropic y=radiation per unit solid angle, a is a convenient

paramneter, and

p = electron mowenbum times o, in units of moca,
n, = number of alectrons/emd,

t = converter thickness,
T, = classical electron radius,

v = primary quantum energy in units of mgog,

2

dii®/dp 1s the primery spectrum, before the sffects coi the finits re-
solving power of the spectrometer and of energy loss in the converter have
been considered. The effeci of finite resolving power will be considered
in Section E. Energy logs effects will be considsrsd later, in connection

with experimental results.

D. Positron-eleciron pairs. Internal conversion.

y-radiation of energy greater than 1.022 Hev can also be detected by
positron-electiron pairs created sz the radiation traverscs matler. The
positrons and electrons separstely exhibiit o continucus disiribution in
eneryy (the totad energy of the two componenic of one palr wust add up to
the y-ray energy, of course), sc that 2 large part of the whole spechrws

mugt be investigated. The cross sectlon for palr production is known
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e . 28,2
faivly aacur&axly( 5529}

but iz rather low at snergiss below 5 % 10 ¥ev,
40 that we hevs ned found pairs pardicularly usefvl in our work.

an ezeited nucleus that would norwally decsy by y-emission mey also
deeay by olecting ons of iits own abomic slectrens in a direct interaction
between the nucleus and the elactron or through the intermediate stop of a
ye=guantum being enitted and then absorbed. Heitlsr (Ref. 25, p. 128)
points out tnat the direet iaterastion is the more probable, and incrsases
rapidly with the multipele order of the radlation; so thatl tiesse so-called
internal conversion slectrens cannct be used to measurs ye-ray intenslity
{more exactlys the number of exeited states present) bubt rather if the
nuwbor of y-rays can be determined, the mumber of cenversion slectrons can
be used te detornine the multipole ordsr ol 4iie =-rediation {row thooretical
caleuvlations. Those clectrouns way be very useful in detervining eray
enorcies procisely singe thexe is no need for a converier, and thus no
vroblen of eaeryy loss or scatierd g.% Unfortuneiely, for the cases we are
interceted in, auclear reactions in light slemonts, the initernsl coaversion
electrons ave very fow, bocause of the low 2 of the nucleus and the high
energy of the y-radiation (iudeed, it may happen, becavse of the recoil
veloclty of the excited aucleus, thal dsoay by quentur emisszion way ocour
sefore the nucleus has picked up any atowle electrous).

03

i¥ sufrficient ensryy foy palyr fomaition is avellsble, the exlesion of

o

alactron=-poaiiron palirs way sinllerly compebs with quanbuw swmigsion., The

probebility of such intermal peir Jermatlon has been lisoussed weost recently

(30)

w,

. s " - - & a f’ ‘:)
vy HOHO. Such pairs have been detechted in this 1abar&toryo*Jl Since

Tho p=rors fron the natural radioactive olemenis bawve almost =211 bsen
1dentified by the internal copvorsion lines. See (10), for cuample.
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the probability of forming suck palrs does net vary much with ths mulbdipols
crder of the transition, they may bs used for rough intensity messursuents
ory with considerabls cars; for determining ths multipole order of the
radiastion when the intensity of the y-radiation is kuoun,

In certain cases, both the excited state and the ground staite of ths
nucleus may have 8 total spin egual to zerc. Transition bstwsen these two
states by emission of a single quantun is then absclutely forvldden. If
there is no intersediate stale of difforsnt charasctery then the transition
may be by cjection of an internal conversion electron,™ by tis emiasion of
an electron-positron pair** or by the emisalion of two ?uant& with & coﬁu

tinvous ensrgy distribution in a double transitlioen through intermuediote

states of higher energy (possible because of the uwncertainty principle).

E. Effect of instrusent window

Even if we know the primary ensrgy or momsntum speotrum per y-ray of
the secondary eleotrons as they emerge from a converter into the cons do-
fined by the acceptance angle of the spectrometer, we are still not preparsd
to say how many electrons will sppear at the counter st the other eond of the
spectromstor at a certain setting of the msgnetic field. To do this, wo
aust investigate the effect of the finits resolution of the spectrometer,
Analytic functions for ealoulating this offect have beon giveﬁ by Owen and
Frimakaff(sg) and by*ﬁarnyak.(l7) The discussion here is from a sliphtly
different polnt of view, in order to smphasize certain physical features of

the resuwlt.

If no change in psrity is involved. Ellis and aston( %) peport sn eu-
ample of this in the 1.426 Mev level in RaC.

e
A3 in the Flg(pyx)olé* rezction discussed in See. IV,
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The instrument “windoa® Curve way o defined as the plot of counbs per
olectron emitted fros a coures of wonosnergeblc and spatially Ssoirople
alectrons (e.g., internal conversion electrons from a svitably thin scurce)
versus nagnetio fisld (or ocurrent j through the fisld colls) in the nelgh-
horhoud of that current J - corregponding Yo the momentuwm p - of the elootrons.
The valve of j giving the maxlwum counts is usually taken as J, (an alter-
nats oholoe 18 the atraigbt line sxtr&polatlon of the high ourrent edge to
gero comnts). The resolution 18 o = A,j/jo where A is the full width at
half saxizum. If we now determinms the window carve with an internsl con-
wersion line of different momentum, -po' s WO find thai the peak heizht
{counts per eleciron from the sourse) and ¢ ars unchsnged, as follows from

she focuaing propertics of the instrument. As was pointed out pmvioubly,
because o iv constant, and not AJy we et @ clearsr piciuvre of a prissry
pectrim L we divide the nusber of counts ab sach current by the curreht.
ID this io doneg for the two inturnal couversion lines, the sres under the

curve, rather than e poak helght, is consztant.

We nued deelds shat thw coustant of proportionslity is bebtwsen the
peak counts and the total number of electrons rer steradian smiiled by the
sourca. 1t iz related to e so0lld angle of the spectromeier, of course,
and iz equal to it to & first spproxirzation. When we attenmpt to make a
vetter spproxdmation, we encounter certain difficuitles which are esseuti-
ally resolved when we realige tual the solld anile is not well defined; even
with a very swall slectroen sourcs. This ls becsuse the stops thal define

the transwicsion szoue of the spectreeter ars not placed closs to the mmef

This is sbuolutely sssential if L& e gpestronster 1o La veed in obe
sorving se ccmdfw alectrons froewm 7y di» oz, !ua,»f 3 a-up.‘fa in thw sposbroe
mater thal & 1rmduxmd by ,v-x*adiu bion will e uoeondary soursen of
oleetrons. ‘T."v pusbor of these elegirons sountud 3’.46 e gpegbirure Tl
will be large 17 the socondsey sources are oo clogu o the Lrus
20510100
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but mere towards the middle of the spectrometer. For exemple,; suppose that -

with our amell internal converslion source, the current is set ab jog corre-

i
<

sponding %o the psak. Elscirons lsaving the cource ab angles to the axis

€

batween 3 cortuln 8, and 64, will all be counted where Oy, and 6., arc
dotervined by ths elsciron paths and the defining stops in the siddle of
the spoctrometer. If ws then increase the current by a szall ancuns 8j,
e curvature of =1l electron paths will be incressed slightly. Since
these are concave twwards the axis, se now find that an electren leaving
the source ab @ slightly larger angle, 8, + 39, will bo sble to ot past
the first defining stop, end will be counted if 8 is not too large (Oy4n
goos b0 8 4+ 20!, with 8@' > 58, at the sams tlos, so that there is a net
loss in counts to correspond to the observation thadl we have moved off tho
peakk of the curve). Thus although the natursl definition of the solid
angle of the spectrometer i as thal solid angle corresponding to the max-
imum end niniwmum valves of € for eny currenits in the neighborhood of Jo
(this solid angle will be desipgnated by O or Ql,ps dopending on whether
or not the affecct of obstructicns in the trancsmizsion sone has been st
tracted), for our presont purposes we adept the more restricted dufinition
that it corresponds to 8., and @4, for j,, the current corrsvponding to
the pesk of the window curvs obbalned with a2 zxall internsl convoersion lins
source, or thaet it is by definition sgual to the ratio of the nusbor of
counts at this peak to the number of slectrons vor steradian emitied by
‘the source. The solid angle defined this way will be declignated by ®,
and 1s in steradians.

e wust next consider the effect of source sizo. The curves of Fig. 9

show what hsppens wisn we wove a small source off center by & falrly large
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amount. In particular, it is to be noted that the ares under the varlous
curves is constant (and will also be constant, becauss of the small range
of currents, if we divide the ordinates by the current). Thus if we ine-
crease the diameter of our small scurce wlthin the limits set by syperi-
mendts such as the sbowe, keeping the activiuy constant, the total area
under the curve will remaln constant, However, we will also observe soue
flattening of the top of the window curve {see Fig. 4b, where the two
sources are not of the same activity, for an example ). This flattening may
be reduced, if desirable,; by ingreasing the seraration of the ring focus
stops, which will increase both {l and ® to a swell extent. #e are thuu
led to two general rules for obisining valuss of @ for vgrioua HOUTGS
sizes:

a. If none of the spectrometer stops are changed, and O, nas been
measured with a szourcs giving a half-width O, and if the
chenge in source size 1s smell enocugh so that the shape of ths
window ourve 1z not changed greatly, we will have from the

equality of the two aress for sources of the sams activity

.

8,0, =60 (2h)

e If any stops are adjuvebtad, then @ must Lo rsdedermined, using

a3 source of know activity and of the diswoter desired.

Two qualifications may be wrade at tnuls point., TFor low sneryy slegiyrons
scattering in the spectromedsr; back-scatiering in the scurcs, reduction
of the counter efiiciency {(because of the covunter window thickness), and
sbray megnetic fields may sll contribube to @ disztortien of the window
curve thet must be taken inte account. 41sc, the method for wmsasurin
® acbually used, as descrived In Sas. II Ty iz spplicable only with
fgmall® SOUrces.
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It 1 generally observed with lens 4ype spectrozeters that shen the
ring focus stops are set to give a window curve of the maximum sharpness
the curve is sypuoetric and quite clogely described by a Cavssian funcition.

aw therefore take

(3 - 3g)°
#(Jgrd) = = oxp |- i j"’ (25)
(+]
g .

whers A= Wire:

‘é‘}"(_jo,j) is the probability that an clectron of wmomentwm jo = Py
leaving the source with a random distribution of initial angle will be
counted when the spectiromster field current hasz the value j. Because the
Gaussian is only an approximation to the window curvs and is probably not
valid unless A << 1, it will be sssumed thet the dencuinater in the ex-
ponential can be written as any of ihe forms A3302 = A2p2 = 0232 = A23p.
For some purpcseg it iz desirable o use the last form, which makes
%({pyj) —> O for gither j —» 0 or p — 0,

If we are obscrving en isotropic primary distributicn for which the
nunber of electrons per steradian having mcmends beiween p and p + dp is
given by £{(p) dp, then the number of county registered by the spectromster
at & current J will be

o(3) = f Hps3) i £(p) dp (26)
|2

If A <<l and if the primary disiribution does noi change rapidly
within a distance pA (if 9f/3p  PAK £{p))s then Hum;yak(m) has shown

that this integral can be evaluasted spproxizately to ziwe

c(3) =@ANVT 3 £(3) | (27)
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and for A << 1 {with no restriction on the variation of £(p)

@x [ €]
EQ%&?- =eovm | £(p) dp (28)
o (o}

where we note that the integral on the right is the total number of elec-
rons per steradian from the source, and that on the left is the area under
the experimental counts per unit momentum interval versus comentunm Curvd.

In practice when it is desired to caleculate C{j), and when the condi-
tions for Bg. 27 ars not satisflied, it will mot always be possible to
perfora the integration of Bg. 26. Thoe integral wust then be evaluated
numerically which may be lsdious if any large range of j is to be covered,
bacause of the term'txzjg in the ezxponentiale-i.s., because the widih of
‘the window is a function of j. Professor Christy hes pointed oul that it
is quite simple to plot £ as a funotion of In p and to fold in a window
curve of constant width and height by numerieal intepration. This i3 eqguive-
lent o folding in 8 window of constant height and consitant percantage width
in a plot against p, which is precisely what we want. The procsss iz illue-
trated in Fige. 11 for two rectangular prixary distributions of equal aresy
(intensity) but different momenta. The resulis are shown in Fig. 12. The
only approximation invelved lies in taking the window curve as CGausslan on

gither plot. Analytically we have

6(3) wp)®
= e %:gf(p) oxp | - 121

Al 42
) (29)
i (1-p/3>2] |

s ey £(p) exp 3

\

Since § ~ p when the exponential term is # 0.
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l)m.p&C' and ﬂ/n.j::r)
we have
.
l - %% =1 ~-¢ ki
M- &

Thon

(o1¢ )2

_\.532% @fdc 2o ) exp [-E—ll?—] (30)
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Fo Tielde from nuclear reactions

The wethods described in the previocus section for dstermining the
intenszities ol y-radiation are applisd in this thesis to y-radiatlon
arising from certain nuclear reactions. Here we are interssied not only
in the relative intensitles of several y-rays produced in the saws reaction,
but sleo in the absolute ylelds ¢f the radiation. The zeneral technigues
md concepts of experimental nuclear physics have been discussed in many
praviour papers, of which Bethe's classleal articles in ths Reviews of
Hodern Phyaica<3u’35’36) and the recent discussion of y-ray ylelds by
Fowler, Lauritsan, snd Laurit3en(37) may be mentioned in particular. Yo
further discussion will ve attempied horu, sxcept occasionally in the

discuscicn of particular experiments.
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17, Radiation from the Bombardment of Fluorine with Protons

&. Roazotions

’ﬁm@n fluorine ic bombardsd with protons In the onergy renge O to 2 M¥ev,
yeradiation, slectron=positren peirs not assceisbted wlth y-radisilon, snd
g-particles are cbserved. The several groupsz of a-pordicles arise fros the
raaction

F19 + gl — (20e20) — 016 4 gl (Q = 8,10 Hav)
in which the residusl mucleus, 016, may be left in the sround 53e%e or im
one of & numbsr of ewclied lovels whose subsequent desay o the grouvnd stabe
accounts for the y-radiation and pair&.§% Ehich of the 01O gbates 1s formed
dopends merkedly on the proteon energys; and ths resonsnces for production of
long range a=-particles {ground stata), pairs, and y-rays have been intensive-
iy studied, (39,L0s41)
The palrs arise from the lowest excited siate of 036, fron which Y-
radiation is presumably forbidden by the seleciion rule excliuding § = 0 to
Jd = 0 {rensitions. The atate thus decays by eolssion of an sloctron-
positren pair which iz created by forees actlag only within the nuclous,
It 1g ihis feature of the foress from which the distloetion botween *nuclear?
and “internal conversion® pairg aéiseﬁ slacey in the latter case, the palrs
are formed in a distence of the ordey of the Complton wave length from the
TN
-esltting nucl@aa.(ag} The maximon encryy of the nuelear palrs of 016 hug

been deternined by ?amlingan(&B) 25 he9 4 0.2 Movy glving a lovel emersy of

* .
Thisz secticn is based on 2 paper by Rassussen, Hormyak, Lanritsen, and
Lauriteen, Phys. Reve 77, 617 (1950).

Rl

Capiure y-radiation, frum tramsitlen to the groumd staite of 5620 nas
slso been observed. (3
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5.9 & 0.2 Wev. The spectrum has been investigated by Kojima(ul>amd shown
o e 60u$iwt@nt with the hypothesis of thelr nuwclear origin. The angular
correlation betwesn elscirons and positrons has alse been shown by Devong
and Lindsay(hh) to be consistent with theorstiecal supectations, and Devons,
Hersward, sad Lindsay{hg} have measured the half-life of the state as
7 x 1001 zec. & part ol the work of this section relates to a wore ace-
curate determination of the palr end point and of the mementum distribatian.
Halker and %cﬁaniﬁl(gg have shown that the y-radiation comprises two
components, ab 6.13'% 0.06 and 6.98 ¢ 0.07 Mov, the relative intensitios of
which depend on bombarding voltage. This rosult has recently been confirmed
by Durcham and Fr&@m&a(ké) who have observed iheé corresponding a-particle
groups but who {ind indication of a third a-group at the 939 kev resonance,
suggesting that en additionsl y-ray of energy about 7.2 Mev should exist.
Thess observationg have been extended in this laboratary(h?) to show that
all three groups exist at this and other resonances; wiih veryliag relative
iat@nﬁitieé. Further measurezents of ithe y-ray energles and Inltensities as

a function of bombarding voltage are reported in this section,

B. Buperimendtal dobteils

The thin lens arrengesent of the spectrometer desoeribed in Sse. IT was
ugsed for moct of this work. The stops were seb to pzlve 2 resoluition of
2.3%, and clectrons leaving the target a% angles to the axds of 9° o 16%
wore accepied. The varlous resonsnces were fdentificd by ruaning rough sz
citation functions for both the y-radiation as weasured by & y-ray counier
shislded by 1 lmch of lead and the pairs as usasured by the cownts regorded
by the spectrometer when zet to e poak of the palr distribution. The

regonance ensrgies quoted ave those of Benneti, atb al(ho) muldiplied by
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£1.8)
873.5/862 to conform o the presently acespied voliaps cealge ” ’

An
xawple of such an exeibation functlon is given in Fig. 13. This curﬁe
was Man agelnst the curread throuzh the analyver wagnet. The uppsr veliape
scals was obtained by assuming thset mid-point of the initisl rise on the
v=ray curve corrsspondsd t¢ 873.5 kev (sincs the target was ~ 50 kev and
the resonance is only 5 kev wide) und that the analyser current and mo-
xontum of the accepted protons wers linearly related.™
Particularly in the work on palrs, comsiderable sttention was given

to the préblem of disbortion of the specirum by scatisring., The first ex-
periments were made with a thin {(~ 50 kev stopping power for 900 kev
protons) CaF, target eveporated cn 0.001 inch copper foil using only the
miniman nusber of baffles required to define the spectromseter accspitance
angle and annular focus. The resuliting speotrz contalned a relatively
largs nurber of olectirons and posiirons with energiss below 1 HWev. Sub-
sequont work wlth the spectrowmster, veing the well known gl positron
speotrum for chocking, gave indicallon of excessive sealiering in the
arrangpeont weds This scatiering was greatly reduced by ucing sdditionsi
balfles and by breaking upy surfaces that were nsarly paralisl ¢ the eloe-
tron paths for lony distaaces. Ths pair specbruz was redsierained somebime
later, using the separsted coll configuration,'wiah particular emphaszis on
trhe low energy region. is a further precaution against scattering, o targsd
consisting of a 0.3 mg/cmz Be foil which had buen expossed to HF vapor was

wsed.” Tata taken with the new arrangemsnt asreed well with the earlisr

*  he sscond y=-ray resonuance on this curve is net quite well snough do-
finod to allow one to make a vorrzction for the residusl magnetism of
the oagnet, which,; howsvar, is probably quits opmsll.

b s

Blunk Be folls showsd nmegligible yield at the proton cner.ies used.
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resulibes above 2.0 Hev electron onerygy, bub indicsted fewsr slsctrons below
tide energy, the deviaiion increaging with decrzasing energy to avout a
Fuchor of 2.5 at U5 Mev. L1 the eariier pointe below 2.5 Hev have been
rejecied in plotting the fical data,

For y-ray meacursuents, Compton slectrons ejected from a 250 mg/ cm®
porylifiux dise reughly 1 em in disseter were obzerved. The same CaFop on
covper foil target used in the early palr wsasurcments served as the target,
and o p=ray counter, shielded by 1 inch of lead was used as a monitor,

Uodng this sase t&rget and & 005-inch thick by 3/8-inch diameter thorium
foil ze a photoeleciric converiter, 2 rough survey of the r@giuﬂ corraspond-

ing %0 y-ray enorgles from Q.4 to 2.9 Mov was made.

C. PResulic - Hucloar palrs

Fig. lhs and b presents the momentum diusiribution of positive and
nsgative componsnte respectively, as observed at the 1236 kev pair reson-
ance. Fig. 15a and b pregents the portions nsar the end points. Field in-
sensitive cosnde ray and logal lszboratory background of aboubt 3% of the
peak helgni has been subiracted from the dats presented. Uncertainties in
tiois background are important only for the firzt three or four low energy
points, where the additionsl ervor ey amound to as much as the statistiocal
proveble error shown. , .

The solid curves in Figs. 14 and 15 are calculated from the thecretical

(L9)*

gxpresolons given by Oppenheimer, modified slightly by inclusion of the

" _
I am groatly indebtsd to Ir. B. R. Cohen for these calculations.

Oppenheimer's differentiszl distribution for the nuclear pairs is
di = p.p_ (BE_ - w2ch + p.p_c2 cos @) sin © 4@ dZ,. Integrating over
all sngles and iﬁ%r&ducing the Coulumb factor gives

(EE. - wc8) p, dp, 27 Zue

where © , =
(o %= 1)(e =~ 1)E, -

d¥ioc 137 v,
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Goulomb factor (as in fhe cas: of ordinary palr formation) (Ref. 25, p. 197)
and inciuding the sffuct of linite insirumant rescluticn, For comparison,
the caleuvlated digtribution of Internsl conversion pair$(50> froa clectrie
dipole radiation is shown by ihe dashed curve in Fig. lha {(higher muliipcle
»ordars lead to soswwhal fla@t@r distributions). It is of ioterest to ob-
serve thai the apparent end point of ihe positron spectrum is some 60 kev
higher than that of the electron distribution. The difference results {rom
the effect of the Couvlomb factor, which gives a non-zere probsbility of
finding a positron of maximum energy in the primary epectrum btut a probabll-
ity approaching gzero of finding an electron of waxdmum energy. Wilh the
resclution used in these experiments, this avppars as & differsnce in the
sud points for positrons and els ctrong (compares Fige. 15z snd b, whers the
spectrs before folding in the windew curve ars showm by dasshed linss).

The choics of the enerpy parameter in muking the best fi% of the theo-
retical distribution to the experimental points peruils the dotersination
of e marimum enorgy of either the pusitive or negativs component %0 an
accuracy that ie limited, in our casw, only by the accuracy to shiich the
spectrametor c¢allbration ic known. This wardmom eneryy was btaken ap the
same for both positive and nogailve ocouponents,; 5.017 £ 0.05 Hev, including
the uwosb probable snergy loss in the copper backing of 18 kev.® The cnersy
of the O lovel involved is obtained by adding the rest msss of the palr

to the ohoerved naxisan enerygy, ylelding 6.04 ¢ 0.03 Mev. Ho Doppler shifd

The spectrowmeter calibration iz based on Bpo = 10,000 gauss-cz for the
I=line from 2 ThB deposit. The end poinit guotad was dederminsd I{rom the
date daken with the CaFp on copper target. Data teken with the Bef
target give 5.022 i 0.0L Mev. The higher esneryy points taken with this
target have been shifted down by aspproximaiely 18 kev to facilitate
comparison with the sarlier daila.



correction a3 peen included in this value;,; since Devons, b al(hg) have
shown thet tae lifetime of thils state is 7 z 10711 sscy wWhile the average
stopping time for the exsitaed 016 nucleus in the CaFy target is sboud 10-13
gac. |

The CaPy 6n copper target was algo used to vbserve the upper half of
the positron spectrun at the 939 kev y-resonsnce. The results are shown
in Fig. 16 where the two curves marked *Internal Converszion® represent the
distributien of imternal conversion palrs from the 6.1 Yev y-ray if thelr
contribution to the peak of the obasrved distributien is talken sg 109 or

]

20% respébzively. The upper curves arg then obiainad by adding appreprisic-
1y normalized nuclear pair distributions (ond polnt = 5,02 Wev) to thess.™
The curves for which 10% of the peak neight { = 17% of the area) is
attributed to internal conversion palrs scem to it the data reascnably
well, although one cannot rele out anything betweon 5§ and 158. If one
takes the yield of 6.1 Wev quanta as 11.5 x 10-8 v/eroton for this target
and voltage (see Table IV), one csn calculate that this corresponds o a
conversion coefficient of 1.9 x 103 peirs per quantum. Rose(30) has cal-

culated these coefficlents for various multipole orders of y-radiation.

Ris results for 6.1 Mev y-radiation are

Table IIX
Radiation | Elestric #Hagnetic Elzoiric Hagmnetio Magnetlc
dipole dipole guadrupole | yuadrupole 22 Buls
pairs per | o o ., 1a=3 4 o 10=3 PR e N 3 " 3
quantum g3 2 1079 | 1.6 x 10 1.8 x 10 1.2 % 10~ 097 x 10™

* . B Bomn 1
Bote that paire from the conversion of -radistion in the copper wovld

be about 1/10 the imtensity of the internal converszica nairs. The baoci
ground sketghed in includss roughly the inlternal coaversion palrs fece
the 7 Hev -r-radiation. The effcot of the windor cuwrve at tw end polnt
has been estimated for the wpor curves omldy.
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Our value of the conversion coufficlend tihus CﬁrIMQ“Ondu o clectric qua-
drupolo radiation. The wnceriaindy of & ~ .9 z 103 how@var, covers ths
drole vanpe of radistion for wnleh Bows perliorsod his &ﬂblﬁmmﬁo hg

whioht bo polnted out that osveeially with the larper o0lid eaqle (3 dimss)

pragentdy availlable, the wulvipele seder of the radi
mined accurately and sith not too much effort. By uslag e 19 instesd of &
50 kev target ons would reducs the intensity of the nueloar pairs by a
factop of three wi@hau% affecting the y-ray yisld very wuch (sos oscitation
curves of Ref. L0}, and by rumeing the Compion secondaries from a suibable
converter with the same arrangement, the additional errors of an absolule
7isld defterminsilon would be avoidsd,

Toe origlasl purpose of this pardicunlaxr szpariment was (o delernine
whethar or not olhor pairs would distort the nuclear pair spectrus as taksn
at & pnuslear pair resonsncs. Since tho distortion al the veray roschancs
iu Dound to be swell, that sl the paly resonance way be avsuwed Lo be

completely negligible.

Do Eusulis - CGomme radistion

Curves showing the distributicn §f racoil Conpton elocirons obgerved
foz proton bombarding sneryics corresponding o the y-ray resonances ab
@?3.5, 939 znd 1381 kov are presentad in Pigs. 17 and 18a and b, Sufficient
dats wsre also obbtained at the 1353 kev resonance to make possible an estie
mate of the relative intensitics of the y-rays, but not a preclse detervine-
tien of their energies. Thé gpergies and reletive intensities of the
various p-rays wore determined by comparing the observed distributions with

those caleculated from Eg. 22, Sec. IIT C.
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The instrument window waeg folded into ithis by the method ol Sece. III B.
Assumpilions must then be made as to the distribution in enorgy loss for
sleciroms orig{nating wiformly throughout the thicknsus of the converier.
In view of the high enerygy of the slectrons and the low ateric number of
tiie converter, the distribubtion was taken 23 rectangular and of coastant
widih, on a momentum scale,; over ths range o; morents invelved. The width
of ths rectangle was deternined experimentally by obssrving the end point
of the nuclear pair distribution through ths saws 250 mg/cm? Bo that was
woed as the Compton converter (see Fig. 15a). The curve was shifted downm
by 3L5 % 15 kov, which i scmewhat larger than the wost probable snoryy
loss calculated for this thickness of beryilium. To this numbor must beo

added the most probable snerzy loss of 16 kev for 001 inch of sopver. The

bost fits, shown by the curves of Figs. 17 and 10, wsre {inally cbiainoed by
using a rectangle L1O kev wids of whieh perhaps 10 kav »ay be atbributed Yo

the «ffect of Doppler breadoning.® The arreexent with ihe expariuenial
peints is considersd satisfactory down o and including the pesk. The dee-
parture below the pesk is, at least in gread part, the resuldt of using =2
rectangular distribution in ensrgy loss. Energy loss distributicn: of the
type used in Sec. ¥V, shere to s rectangular distrivution scmswhat lsss in
width than the most probable ensrgy loss, a triasngle exteading sowewhat bo-
yond thi& valug, and & lony tail extending beyond the average enorgy loss
are added, would uadoubtedly give muwoh betior resuliz. The it on the high
onsrgy o2ids is quite insensitive to such modificution since both the indtial

noak of the primary Compton speotrum and the instrusent resolution are

e

“‘ . 1, 4 ~3 ] :
Thy Doppler broadening of the 6.1 Mew —ray dquz tw woltion of ithe zwelited

nuslous in the center of wmass sgysten is avoud 120 keve This 1o small
gnough compared to the cenverter thickness thet its offect 1u nogdicibles
as 1s digcuesed in Ssce Ve



nerrowsr than the sswumed rectangls. For thils resson, and beecsuse tho cal=
sulated curve nakes mors effsctive use of fho date than would g sisple
extrasolation of ths hich sneryy edos, the varssaters of the best calonlated
curves wers used 06 obhaln the saxisum sowenium of the Complon slacbrons

feom wnden bhe ywray oncrgles ars deberelned by asding the wminiown eneryy

]

of the recoll guants. 4 Doprler correction of L/iE for the conter of mage
wmoblon Lo wubtracied from the p=ruy shergy Yo cobialn the level sosrpy &in@a.‘
the half=-life for 6 Bov elsetric guadrupols radiation, for example, is

~5 x 10715 pecy compared So ths stopping tise for the 018 mucisus of ~10~13
Be0e The reaults are given in Table IV, whore the relative inteneities of
the two y=rays esppearing at cach resonancs; s obbalnsd from the saleulated
£14tyy are also pressnted.

The solld angle of the thin lons arrangsuent used in mest of these
@xp@rimnw was extrapolated from the resulis of the measurements described
in Sece I1I Fy by means of the Th® X-ling, & wonltor counter being uwsed to
chaek the sourcs activity. The resuli was @ = 1,15 4 2% of 4. DBecsuss
of othur wwardaintlss in the current mwasursment snd ihe larget thickness,
e yivlds glven in Table IV mary be in orror by as much a2u 40%. Tablo ¥
glves @ somparicon with yieldo obitained by obhsr obzervsrsz. Steps in the
oalcmlazia&Mof whose ylelda, other thas thouoe fnvelvin, stondard resonancs
vicld ealevlablons, srs the came au bbosse veed in Bec. ¥ C.

The search Jor low eneryy y-radiation, shileh just oworlaps thed of
Walker and ﬁcD&nivl,(B) save esvenblszlly aegative reowlis, au ie ween 4n
Fige 19 where statistical srrors for repreusenialive polats asre given. In
particulsy, at the 939 kev re.onance where this datae was taken, radiation
of 0.95 iev corresponding to the transition betwsen the 7.09 and the 6.1

#ey wiates i possibla. Bince iy iz srpecited thal the height of the photo-



slectron peak from a y-ray of this euwsryy would ve 2 coustant iﬁﬁ&p@ndent
of converter thickne:y (because of largs ensrgy loss and straggling affects)
al a thickness betwsen 001 and ,0UZ inches, 1t woas assumed that the step
in the sscondary clectron spscirum dus to E-photoslectrons from thiz line
would be the same as 1f the converter wore 001 inch thilek, s2ll ths photo-
clectrons were emitt@d‘in the direction of thg y=reys and the enerygy loss
in the converzartwere asglizgiblo {i.e., these slectrens wore monconeryetie).

This then gives
zounLs

]
= 1 y/hm ster.

=0 Bgc':‘-, O'X

= 1.15 x 107% x 725 = 10<0 » .87 x 10~23

= 0,73 x 1075

wasru ® is the speotrometer solid sngls in per csni of e spoers, ¥, 15 the
number of thorium atoms per ezl of converisr and Og is the ¥ photoslecirie
absorption cross section (2 K electruns per atom). From the sxperimental

opper liwlt for this step; indicated by the short worizeutal linsez in Fig.

19, cno gats
€ <2 x 16 counts per 77 % 5.2 x 1012 protons
or ¢ < 0.67 x 10~13 counds/proton

e, Y Ooé! i 10-1}’: ki
Y(Oo?)) ABY] coaen < ! T .
B 0.73 5 1072 proion

£3
= 0,92 = 10¢ y/proson

S~ : . . - I
Ths correaponding vield of tas 7.1 dev radiciion is 0.3% x 107¢ +/proton.
& o N

Then
o =&
¥(0.95) < 0.92 x 1070 _ 0.27
Hsl) 0.34 x 107
or
~ el 4 ey "8
¥(G.95) < 0.92 x 10 e

T(7e1) + T6.13 1.5 % 107



from which 1t 16 spoarent ©ow rough the survey of the low energy radiailon

WaL e

Bocause O g decreaszes with sneryy approximately as %eg/hv and he

roffective’ converter thickness incresses with energy {(very roughly linsar-

1y) one may oxtend this estimete and gay that there are ne y-ray lines in
5 4 ‘Nw o

tha range

raglation a2t & and 7 Mev.

Ooby %o 3 Wov of Latenclty greater than % to 10€ of the knosn

Pable IV
s 5 Gmﬂ
B, - E, Eyvel Ig/T,7 | Y2209 |y xl
. . . Dis im;e”.frm,icm

(kav) (Hev) (tisv) {dov) DAY Prode:

873.5 5,906 64151 % JObs 6.1k 4 Ol 22,5
v <13 6.756 | #7.002£.06 |#6.99%.06 | "
v 939 é 85l 7,100 ¢ .06 7,09 + 06 3.3 15 o] 120

’ {610 &.06) | (6,09 & .06}
R (7,08 2.1} |(7.03£.2) | 1T
£.906 | 6.151%.0k | 6.1k .0k 3

v 1381 6,735 | 26,961 3 .06 | 46,564 .06 | b7
m 813 0.9 1.1
i1 }.233" i}o@lgiogﬁ o @oi)i);;& og:\ e 1-&:},“ ‘}o?
¥ Phose velues represent two woresclved bhigh ehersy COmOOBNLE.
#* Roletive ilnlessity of © and 7 Mev rsdistion. _

¥ Yicld frow C@,Fz ég,arw@t *,';Q kav talck For 900 kuv 5")2"?%“22‘-3.
¥t Eotimated thin turget y

functione of Bemnot Wy wt *‘L(&m (d:& ey seasured ald ER ot

giudd frow ove Rov of Gwﬁ”ag wsing the szeléabion

w3 @Auﬁ;ﬁh . }

3
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Table ¥

Ticlde for (aF, Target - Sumsary

4 2

Y | ) ¥ T(o) | ¥F ¥(8) | ¥(w)
{kov) %108 | x 108 | x 1080 | x 100 | » 1010 | x 1080

2

a6 26 3202 | 38 4O 210 17

18 15 120i8) | 20 160 80 10

. 1361 Ny
: 59 59 g50{2) | 47 326 | 220 52

lol el 1 05?

)
Cx
®
¥ o
h ]
<
)

L5214

¥ad
e

&
()
e

(2]
LSy

leis2 Leb 3,72 e

= yield for CaPy terget 50 kev thilck ab $00 kev.

thiclk CaFp target yleld.

= thin target yileld per kev of CaFyg.

pravious Xellogy Lsboralor; wasorunsnio.

Bormer's wessurenonts (Refe S1).

{2} FProm cxeitation curve apaivst woslior scuoniur aid Complons ab
939 kov (negleeting changs in Ig/Iv).

(b} From Compitons.
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The yields obiained apres ressobably well with the rosulis of @mmu.(*‘ )

The sletive lotsnsitles of the 6 and 7 Hov rediation agroe with thoud prue
; i : . 5 {146} 5 ..
dicted frow the a-zroups by Durehas and Froowsssn ™Y’ and sre nod inconsiuie

s "
ont with the tilek torget work of Walker and MeDaniel,(3)



Sl

The y=ray encrgies observed at the 873.5 and 1301 kev resonances agree
woll with those of Walker end MceDanicl, while the results at the 939 kev
regonance are not inconsistent sith the asswplion bhat a higher encrgy
coponent exists, as suggested by Durcham and Freeman. The rasclution and
statistical accuracy of individuval points obtained in the present oxpori-
mont are such that one oan say only that the differsnee peitween the resulte
at the 939 kev resonance and the other resonancss ls somewhat outslds the
probable srror. However, Chao, ot a7} nave clearly separated two a=-groups
corresponding to y-rsy states in 016 at around 7 Hev. They £ind that ot ths
939 kev resonance only the short range group ls of signiificant intensity butb
that at the 873.5 and 1381 kev resonances the two group: are of rouzhly cqual
intensity. Using this information, cur re2zulits may be interprsted as in-
dicating levels in 016 that decay by y=ray exiacion at 7.09 + 0.06, = 6.9,
and 6.1h & 0.04 Mev.

The nuclear pair level is at 6.0L ¢ 0.03 Hov, 100 + 30 kov below tho
lowest y=ray levsl. The close agreement bebwesn the cxporimental and thoo-
rotical pair distributions confimms that these pairs amw of nuclear crizin,
and are nob ascribable to internal comnvsreion of y-radiation. Ih wmay be
noted, however, thal the psir stabte may alss dsegay by the esisslion of tus
quania in suwocsssive electric dipole transitions. (42) Whother or not such
two=guantum decay can compete successfully with pair cmission depends prin-
cipally upon the nuclear matrix slements. Since the two guanita weuld hove
a continuous energy distribution, asd sines it 15 clear {rom the work of
othera<39’h°) that thelr intensity is at wost one or two tiwes thet of the
nueloar pairs, they would be difficult to detect, and would not have besn

observed in the present axperiments.
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V. Rediation from tho Douteron Bombardment of Bwryiliﬂﬁ*

Ae Possible reactlons. Survey of y-radliation

The bombardment of berylliium with deutercns of U to 2 iev emergy is
&)
2

4
known to lead to the followiny reactionazqﬁ

ae Bed + D€ mp- B0 ¢ md 4 L31 Mev
B — 3el0 ¢+ gl 4+ .52
o — 828 + 23 4 .53
d. > 147+ Bl + 7,09

o coases 4y by and dp particls groups whieh losve the residval nusleus
in oxelted states havs boen obsurved. These slates &uhﬂuqmuﬁtly daoay by
the esission of y-radistlon which haw beon the subjool ol conuldersbls i
parimontal favestigation in this laboraiory.

The first observation of ithis rediudion with a megnwitic lens spogirg-
woter s roported in Ref. (53). A preliminary sodel for the Present Spoege
troeter was used. The sgrondary clectron sposcbrum, vup o the maxdmum
energy that this spectromster would focuu, 1s shown in Fig. 20, whers the
y-ray energles obtained sre also listed. As veen in ihis figure, the photo-
elogbrons and Conplton clsctrons were distinguished Ly oblalning the spocters
with converters of both large £ {Pb, Th) and smell 2 (Be), the former giving
bots phctoclesirons and Couptons, the latier giving, with observeble intens-
itys only Comptons. Alse described in this reforcnce ars esperimoats thoat

show et 717 kev radiabtion is observed 23 the parrow 10387 kev resonance in

the reaction B@9(p97)310 but nobt at the wids 928 kev resvnancs {s0: alseo

* some of ths matorlasl la tiis seotion hus preoviously becn ruporied in

E@ff;i. (53} 1 ¥5) (5?)'
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?.%.ai’. 37)e The swcondary electron pwcﬁm jnvelved ave given in Fib. 2.
The noxt work on this reaction was dope with & mp‘agtrumimr using Lwo

of the four large colls for the Iinal model, aa«é‘pwamd by &b inchue (butwoen
fomor faces). The vacuuma chambar wes the same an that used in the i’imzl
modedy wnd s*pointv locusiag was wsed bo glve a ruselubion of 3% and a solld
anzli of the ordsy of L.5% of » cphore. This srrongesand was used for &
gudio carsdul survsy of tie secondary eleotrous from ~ 100 kev to L Meve A
thick boryllius motal target was bombardsd with deutorons of = 1.1 ¥sv.
donitoring was by meons of a lead-uhleldod -y«-m;y' countur 23 inches from the
target. The spectra obtained are shown im Figs. 22, 23, and 24. In Fige
225 the exsperimental points are omlited becauss thoy are too ¢lose %’g@ﬂl@?‘"@

an erlsrged seotion is shomm in Flg. 23, where the weritical limes are squel
ia leagth to tho u%&‘aimical wm&m deviations of the warious polnte.
(Tho rapid falling off in counis below 200 kev is a resuld of ths findie
sounter windew thickusse.) The bigher epergy pordien of the ospueirus lu
showa in Filg. 4. The spectrum was cuoeniially flat in the rsilon nod
shoaty from ~ 355 2o ~ L Mavy the cownl:s obdailned here beiny atividuited at
the tise o neutren backgrouwnd. I wiohit be wenticnmed at this point that
the large nsuteed ylold frow this reaciion geave s lorge and trovblesome baclk-
grovnd of countu that were independent of the speoctrometer fisld. AL thoe
E-pholoslastron poak from the 3.6 ¥eov line, for example, ~ 3/h of the ro-
corded counts were abtwributebls to neutron background. Thoe energles
ootalned for the verices y-rays ave listed in Teble ¥I. Calibration of tho
spectrosster was in terms of ths ThB F snd Y linos and photoslacivrony ejected
from a thoriws coaverter by posiiron smnihilation radietion and the L1l.1
kev radiztion Srom the decay of &.&198' &n spproximats correcticn for the

component of e earih's nagnetic field sleong the sposivomwier axly wao
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deternined by intercomparison of these seoveral calibrations. Correstions
for the finite converter thlckness were mads according to Fig. 50 of Ref.
(173,

I1 i3 estimsted from ihe dats of Fig. 22 that under thess conditions
of bombardment there is no p=radiation from ~ 120 %0 400 kev of more than
about 5% the intensisy of the L1l kev lime. The structurs in the curve
Just above the I photoslectrons from the 718 kev line is ascribed either
to oxygen contamination of the tarzet,™ or 4o Compton clectrony Jrom the

22 kev 1ine. Pointc on the lower (Compion) curve of Fize. 22 and 23 were
0o taken close enough together to malke debails ceriain, and later work
with much bebtter rusolvtion (Pig. 27) feiled 1o rasolve the structure any
further,.

Tho data of Plg. 2l alome are not sufficlent to establish the 3.6 Mov
line ontirely unambiguously. This part of the spuctrum was thersfore proe-
examined later, using tha two separated coil; ring focus, configuration
dsscribed in Sec. II E. With & resolution of 2%, the data of Fig. 25 mam
obtained. The photoelectron spectrum from the knowm single y-ray from
¢12(d,p)c3* was also obtained to check on possible scatiering or other
effocts that wmight give spurious counts at the high ensrgy side of the
(anresolved) X and L photo-peaks. The 3.6 Mev lins is clearly sstablished
by Fig. 25.

*  Unpublished work at this laboratory indicates that the Olé(d,p)017*
reaction gives an 871 kev y-ray. '
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Table VI
Peak Bp Zlectron | Converter EY € | Brror in | Totel
millivolis ensrgy ehifd locating arrort
(X=1line ' poak
from Th) (goom) (hev) (Mev) {Nov) {uwv) {ev)
® 37,61 | 208L.7 | L2984 | ©.0047 | .09 | & .0027 | & OO
® 42,36 | 2348.0 | L3989 | ©.0057 | 7L | 4 .0029 | 4 .OOL
P91 | 32931 | 6007 | ¢ L0007 | L7202 | 4 L00h3 | 4 006
b 35,65 3250.8 5905 4 011 SIS | % L0095 | 4 008
b 21.16 13395 002 © 0088 | 1.0008 | 4 .007% | £ 009
© 27,18 | 5770 Lozped | 9,026 | Ldze | 4 .0100 | & .013
U 35,6k 8233 5.009 d 031 2,150 | 2 .022 | & .006
Yy | 20,70k | 20740 © .03 | 2.885 | % .007 | & .08k
Deo.rs | 12,06 | 3.247 S 000 | 3.387 | 2.00p | & .02
D g3.51 | 13,191 | 3.476 030 | 3.606 | ¢ .03L | + .04O

be

Ge

de

(39
o

100 =¥ = 10 A, Corvesied for earihls
potentiomsier resding. 1 a¥ = 55.L3,

100 ¥ = 78 &, Correcied for sarth's
petentiomebor reading.

25 mg/om? thorium.

T8 my/om® taorivm.

Ex for thorius = 0.1098 wuv.

1l ¥ o= 20?.?0

field by subiracting O.1h =¥ from
BEVRBB-Clie

561d by subtraciing 0.0L u¥ from
ZEMNS=-0GR,

Includcs & = 0,68 for calibration crrory, wupith's ficld correotion and

converter =hifto.
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megligitle. Apotber guelidfiecstion thal was nod wade io that the ellect of
Doppler vroadening of the prisary -rediutien (s e velow; due b the mobtion
of she exolisd nuslews mest also we cousldsred. Thim s not neglizibles in

the prosendt Gausy and way introduee an addidtlonsl ervor of unkaown bud

appreciable exbent in the sxbrapolaied e detorsinatdons.”
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Taole VII
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K-phe o B P E. A Convertor E.,. Exvtrapolated Bf, 2 E:n?
poak shiry * ' edgs
(¥ <5 | {geom} | {kev) (kow) (kev) {mt &) (geem) | {kev) {kuv)
® 43.97 | 2007.2| 301.6| 7.0| 2.3 113.74 9| P k.67 - | 2115.1 | 302.5 | K13.2 £ 1.9
b oyg.0h | 2380.2 | 359.4 | 7.0 2.2 LTl L £ 1 8
b ge.07 ¢ 3310.1 | 608.3| 7.0 1.7 716.8 £ 1.1 | P 70.00 33k | 606 | T16.2 2 1.1
© 49,08 4] 3310.6 | 0S| 7.0 716.9 + 1.1
© 12,23, | LL2bu | 912.0 | 7.6 1.5 | 1022.3 £ 1.9| © 12.i61 | 4b35.2 | 913.5 [1023.3 2 2
€ 12,217 | LiOL.2| 903.9 | 2.9 7.8 1021.5 £ 1.9 | © 12.431 | Lk2k.S| 910.3 [1020.5 3 2
C 16,26 | 5857.7 | 1318.1 | 2L.9 7.1 1435.0 + 3 ¢ 14,54 5887 | 1326.2 |1436.0 £ i
¢ 16.11 58C3.6 | 1302.6 | 57 15.7 128.1 £ 5 © 16.5; 8a7 1326.2 | 1436.0 £ &
¢ 22.97 | B274.9 | 2022 57 19 2151 £ 16 ¢ 23.58 8387 | 2046 |218% 4 15h
C 20,58 | 10,656 | 272 | 113 3y 2868 + 12 b
© 34,30 | 12,357 | 3229 | 113 3% 3378 & 13 B
C 36,32 | 13,08% | 34L¥ | 113 39 359 & 32 n
2. Imeliudses corrsction for axial émomnt of carth's ficld.
b, 10A = 100 oV chunt. 1 o = §7.92;, g. o peeke 1 8V = 47V.3hLy Ze @i extrapolated adis.
o T5A = 100 uV shumi. 1 mV = 36&25 go o= posk. 1 BV = 355.93 ;. em exbropolated edge.

de Independent detervminations st the begloning and sad of tals serles of erverimoats.
a. Convertor tnickness in ngfcmd of Th.

£. PFrowm fcf. (17), Fig. Lh.

Se  See cormenits in text, espscially Sece ¥ F.

ne X and L linsg nod well enoush resclved for dotersdastion of exlrapolated cdge.
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tion werss fovelved. B3 ronvlis Jrom the Dach

obsarvin: an oxeitud noslsus 2% revht lo the lLaborsitors bud ote thal koo &
ceriain kinstic saergzy T, 28 & rusuld of belin; Jorusd inm o nuclear reaehion.
T is gasily calculated Zor a plven case by standerd loramvdas {Basf. 3%,

pe 21G)e The corrvesponding wvaleveily iz, in ibhe noneprolsllvisiic wspproximse

dion

(5}

whers ¢ 1s ths velocity of 1ishi and my wnd ¥ are the ¢laciron wnd nuclese
mesves rewpactively. For the nuclesr ressiionc with wbich we are conocerned,

v e al west o Low por cent of 6. The non=rplotiviziic Dopplur formula

than (dves the [=rey eneryy

B, =%, {14 i cos € 38}
E‘/ ‘“ﬁ % I ¢ (‘}

whare € v the angds bebwoen o =ruy divection sod the volooity. Tho

second gorrection roundds frow the rececil of the wwiibibin muclouvs. I wo
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reachiony 20 Mev '-umh are smitied, and the ncml an
~ 3100 kev)e

| The Doppler effect moy be concldersd in ilwo pardus. The first in thal
due to the metion of lbe sonter of wase of the whole systen we are cbuerve
ing, this motdon resulting from the initial oomontum of the E:mwardiug
particle.® is long ss the velocily of “be conter of masns is less tham o
fow per cemt that of 1ig nt, tois way be taken asz o sLifd of the chuerwed
TSneryy
AE = E)L -2 O € (34}

There 6o € sorreuponds to the wean directium of thw obrerved y-radiation.
Tha wecond effea£ 1p due to the welocliy of the erelitcd muslevs. In iha

center of mass systewm,; the magnitude of this welocity L. sonsztant for con~
stant dombarding enarpy. Using prises (') 0 dssismate guambtitles o this
syvtem, and assuwing fsotrcuic districution of toil Lhe ruaction products

angd radistion and renden sorreloticn bDetwosn o dirceiion ef wmoitium of on

vxcited aucleus and the y-radiziiom 1% smits, we have

dg! = ¥, cina' da' 4020 .

ﬁum d.@' is the number of quantu observed iz the axxldl cons d&).' and ot
iz the aa;;}.e betwssn the direciion of tie meclou: snd ths directica of

obzervstion. The energy of the y=ray, on tus other hand, iz given by

[ ]
Bl =gy (1+ :L cou o). (33
' [ ]
Thea ﬁ}_’.';}, = ~‘£ ve ain ot dat { 35)

£ ot " o . . “ & ” N a - " .
It 1s uuumed throughoud 4hal Zhis suwmenizs is alern, Sh, pecirouei 2

P06 TEIN
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and cm'y = conzte. X cIS',y (37

Trais v 8 rechaaguler distribution in energy; of width 21?.'1,’ v'/e. o nots
Yurther et as long as pursly velativistic effeots (terams in ve/cf) are
negligivle, the transformsation from the ceniter of msss system (o the lab-
oralory uysitem will ondy shift %oe disiribution without changing its shape
or width, zad that dhe dlstrivution does not dspend upon the direction of
obnsrvaiion.

Further comsideration 1o rogulred for cassn where the luoiropy or pran-

dox correlution soudisions do nmeb hold. Such 5 cass in dlscusced in Sec.
A

In senoral, this broadening in somsahel foss than e resoluiicn zad
the uulmoan sidih duwe to sner:y lose in ke comverter; i1t thoreiore cannot
prsd éaaily Wwhangled frpm Piwswe offzois and 1o praciticelly an mnobservabla
exdept in the wnuiosl case wusre Wi cun coupare tho brosdunsd line directly
with\ane of tae saws enargzy from a nucleus wa koow is shutionary (from
radicsctive beta decay, for sxample). If the brosdening can be obesrved,
thers 1s the possiolliiy of learuing Lo thisgs from it. Sinecs ths amount
of broadening depends on the snergetics of ths vsaction, we war compars the
resulbs with the total emerygy availeble in the resction and pozsibly decids
w0 wnich of sevarsl residual anuclel tas yveray uway be sssigned or whether it
repraveats 3 transitiocn bedlwesn low-lying or high lovels in 4 yiven nucleus.
On e other hand, 1f the lifeiine of ithe suelied state iz cumparsdble to the
thme 1 takes e residual nueleu: o e stopped in the Sarpet uaterial, W

<

say subinate the Lifetine of the wiive Yy ovservin: the broadaulsy fop

5 SR g Fa
Paroedo of diiforest stopping pcww?a.(”

(%)

;

Theos 1o wexy 1ittle sapsrimontsl wvidines 2y 10 the aunprlar distribu-
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tion of y-radiation except ln & Jew slwple cases whers only small*(lo to
154) departures from spherical sysneiry have been found, (59) In'ganafal.
one is forced to assume that the Lroadening ls symmetric arcund the centei
of mazs shift so that the additional correcilon to the lsvel energy is sero.
A fore and aft agymwebry way plve shilfis from the level energy up 0 ~ 0.5%
vefore the éaymm@try bacomes apparsnl frow ihe sbhaps of the phsﬁdaiactron.
districution.

The correction for the center of maes wotlon Lo ziven by Bo. {34), .
WO ?;m is alomy ths spacbromster azic. Qe méy @b%aﬁﬁ an arproximste
valug of_EEE—E for tie case where one 1s chzerving photoslecirens by noting

tonat 1¢ follows from Bqe. {20}, Sec. III By thal

'\2 & nr
S \/ - oin 90 .
cow € = ~ v (38)
Tl L g -~
2 Xy ﬁg - ;:5132 90

caen the Gomplor affsct is being used, the smaximuwn ensryy slectrons are
aloctod lao the direction of the primary quantusm. For lhese eiectrons; 333_3
s the cosine of tne mesn specirumeler zccepianss 2nile. For lower snergy
elecirons, the converbter gewmairy will glve a2 oslightly mmaller value of
Cos €. This is o nezliglole offect in %the casss conzidersd im this paper.

Tam magnituvd: ol the Doppler chillt may be eviablished wxparimantally.
by varviaz the bozbardin: voliape {rather precise ¢imeriment. ere required
gines ths ailfect 1o proporitlonal Lo EVZ}, or by sxamlalng the y=ray when
the levsl 1: exelied im 2 different manner (. .—=in a different nuclear
roaction or in radicastive dscay).

Bq. (38) has besn used to calewleie values of Gow € for the y=-rays of

Tables VI and VIl. The valuzs, and the correspondin: Doppler shifty and

3¢
With the notable exceptions of the HZ(p,y)He3 and H3(p,y)Heh reactions.
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lowsl enargles (or differences in lewsl encrgies) are given in Tavle VIII.
Bocause of the smallor probable errors, the y-ray enorgles ams takenm bazie-
ally from Table VII. Bucause of the uwkmown ofivet of Doppler broadening, -
the axtrapolated edge determination: arc irmered. Thy brsadth and asymeeliry

of the 472 kuv peait are swuch a: te wake this wsolsss for an uccurate ensryy

[l

determination (swe Scee V Fj. The TL7 kev ling cam be waabipuously aoe
signed, st lewst im large part, o tho trausition from z stats in B0 at
700 kov to ths ground ztate. The Doppler brosdening cun thus be calevlated
as 1.888 (total widih), and even if the itransition were bestwsen itho J.0 and
2.9 isv levels; tue obrosdsning would bs 1l.1%. Rather rough graphicsl inte-
gration shows that the combination of ihiz broadening and a 1.L5% Guussisn
window is another approximate Ouussian of 2.3% or 1.8% in these two casvu.
The obucrved widih of the K photo-pask is 1.80 & .05%; the slipght incresss
over the window widih bslng wors than adequately accounisd foﬁ by energzy '
loss in the sonver%gr. Thie discrepuncy may be the resuld of an zmpulay |
~diotribution that reduces the Dopplor breadening very warkedly, or it way
{ndicates Bt the excitod PO nucleuvy to stopped, on the avers s, before 1z
radistess in wolch case the Doppler corrseiicn for the cumter of sast moticn
shouldd Bot bu sede. The latter uxplasatica o preforred; sincs this radice
tlon, as discuseed later, is procumed 10 be clesirie yuadrupols. Tiw half-
life would then be of the ordsr of 10731 .o or gregtor, walle the stoppius

time for the pR0 nuclews in boryllium wmay bs esiimated as of the syder of
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10'13 880.%

The photo-peaks from the 413 asnd the 1022 kev lines are also scmowhat

sharper than might be sxpecied, but the discrepancy is not oncugh o do

more than suggest that thaoss lines be assigned to highly excited states in

the residual nucleus. However, one notes that the extrapolated edge and

peak determinations of energy for these two y-rays agree, which also sug-

gests that the nucleus is stopped befors it radiates. It is guite possible

that the Doppler shift correction should not be made for these lines.

Sindlar; although more inconclusive, argumenis for not making this correc-

tion for the 1430 kev lins may be adduced.

*

In Fig. 38 of Ref. (17), Hornyak has “unfoldsd” the K-photo-peak from
thig y-ray, thus removing ths effect of the f{inite instrument resoclu-
tion. That this unfolded curve shows nons of the expsected Dopplar
broadening was first brought to my attention by R. G. Thomas. Since
this wes responsibles for the consideration of the widith of the originsal
curve discussed above, I am much indsbted to ir. Thomis. It may be
pointed out that the original of the unfolded curve was obtained with

a thicker converter, and that the unfolding process is scmewhat inexact,
50 that the widih considerations given here are probably more cunvincing.
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Table VII{
a ¢ a @ £ &y
E. ) g = v/e A AR -
(kev) {wile) ((mils) lelectron {kov) {kev)
e . . =102 412.3 £ 1
B3> L oF | 025 | o355 | &TTT [oB59 | (D) | (k135 3.9)
(b72y © 25 | W47 | J813 |.5L8 | -1.7 =
. ~ - 0 716.6 3 1
716-6 j'_ .9 .25 1003 .85! .?)8 (-3013) (nj.e i 1}
. . —5.5 16160? i 2
102203 ;". 109 051‘5 1.95 QQ};Q 0614.1 73 I ’.:)‘,
(0} (1022.3 = 2; 1017 4 2

- 1028 $ 2)
. i} o s | s | 201606 2 2 €

-'*.i} 2 ."' 40%
w03 | 90| 035 | 60 en | (o ek

i 11 TN )
6.5 | 1421.6 & © (W32 £ 3)

U281 & b 2.04 3635 «560 596 (0} (thfg.l * 5)

2151 2 15 | 2.04 | 6.8 W79 | .820 |-11 Q1o £ 16

3360 £ 15 | 4405 |15 590 | JBL3 |-19 3361 15

350+ 30 | L.0S |16.5 951 |86 |20 358 & 30

Best values from 8ll deterwinaiions.

The rescilon Bel(X)LAT®* gives 476.7 & 0.9 kov for this level encryy.
Sse REef. l and Secticn V ¥,

Thorlum metal converter ‘
Seatiering length, %, a¢ caloulsied by Cohen and Christy (unpublished).
From Ege 38

From Bge. 34

The pessibllity that anyihing {rom no Doppler shirt %o the $wll cslou-
loted shift way correzpond to the sotual physlcal situatiom Las been
izaored im deterwining the probacle orrors given.
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(e Relative intensitles and ylelds of ,—-radiation

From thes warious photoslscbron peaks one oan estimabts the relative
intensities of the varlous y-rays. On & counts por unlt momenbun interval
vs. momentux curve, the ares, A, undep the peak is proporticnal ¢o the in-
teasity of the y-radistlon. I only thse converter thickmess 1o changed in
going from oBe y=ray 40 another, the relstive intensitiss of vaplous lines

are glven by Bq. (20), which may be reswritien as

(39)

| o]
-
#
(4
»
]

L
erursyesoumr

cos €

()

© Intensities ecaloulated frowm this for the verious peaks ootalined with
1 1/29 resolution (Pige. 26 to 29) are given in Table IX. Values of <o €
are taksn from Table VIIL, and @p/f, 1s sveluated from the curves of Hulme,
ot a1,(23) The work at 3% resolution iz not wseful for determining intenas-
ities, sincs the conwsrters used wers made too %hick for wany of the ¢=lines,
azd since the posivion or shielding of tho monitor y-razy couniter was apper-
eatly changed during the courss of the scsperiments.

Thes? relusilve intensities were checked, and aboelute intemsities were
obbtained for various linss by using Cosplon ssconduries. The four-soparated-
ooll confipuration of the upsctrometer was uscd, the various apsrivros baing
set Yo give a resolution of 1.9%9 for very smull sources and ~ 2.3% for the
gource sizes actually used. Berylllue metal foils of such thickness thal
the mpan squars scattering angle was less than ~ 01 radian® wers used ag
targets and as Compton couverters. Counts were taksn for a fixwd number of
microcoulomiys 10 the target. The dsuteron bombarding energy, freguenily
checked against the slsctroastatic analyssr, was 1.19 i 010 Mev, the same so

used for the work 4t 1.5% resoluiion. The turget was kept at a potential
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of +300 V. with rospect 2o the rest of ithe spectromcter, and a 3/8-1gch
dismeter wire loop {3 btimes the deubtercn beam diameter) at =300 V. was
plasod arcund the beam and about 1 inchn from the btsrget to asliminate U
exf@ct on the current messurement of sscondary elecirons Irom the tarpst
or residual ges. During all rung, the vacuum in the spsciromsier was be»tar
than ~ 5 % 1075 me of Hz. The current measurewend under these conditions
15 expacted to be good to £ 5%, this wes verified by comparimg the current
to tie target with that measured in & standerd Faraday cage Just ouluide
the specirometsr, the observed loss of ~ 5% being atiributable to defining
s1idy between the Faraday cags and ths target.
For tho 717 kevy line, a beryllium convertsr of 19.2 mg/cza2 supsriicisl
denzidy (20.8 mg/cmz whon divided by the msan cosine of the speciromsier
capbonce angle) was uwsed. The enoryy loss and straggling in this con-
vorier wsree deternined sxperimsnially by cboerving the X pholoelecirons
ajasted from 7.0 mA/m of ithorius by the zaee =-ray through the berylliem
convurtsr, as shown in Fig. 30. The pealkt of ithe cuwrve way whilted by
26.8 ¢ 1 kov, which i3 to be coupared with the wzoui probable emer;y loss of
23.3 kev given by the unpublished caloulstions of Cohen and Chrloty wmnd the
average ensrgy loss of 35.5 kev calculated frow the ferzvla glven dy Heitler
{Bef. 25; p. 219}.% 1t 1s noted thsi bLoth pesks sre slizhtly asymwiric and
that the one obasrved through the beryllium is wider. Both the window curve

and the theorstical straggling in energy loss arcund the most probable enargy

The ares under this curve was increased by sbout 108, whiech is aboud the
probucle error in veasuring 1. Tois haz bsaring on the discussion of
the variatior of the photo-peak ares with converter thickness glven in
Sgce IIZ. Here there i3 no question of amy incrsace in the tolal nuwbsr
of photoslectrons sjscted. The inereass iu srea, 1f real, must thon be
attributed o seatiering in the berylliem; & predomimonce of scadtering
into the spsclromster acceptance cwer ccaltlaring oul beliny indicabted.
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loss are Gaussian in form, this sxperiment indicating tﬁat the straggling

- is asymsetrio (even excluding the "tail® of large energy losses). If it is
»assumad that the widths of thess (aussisns can be added as 1 they were
complete (i.e.; o= Va2 + 52}, then the straggling in the beryllium foil
15 found to be +6.9 kev and =11.7 kev (half-widths at half-maximom}.

The primsry 6ompton.spectrum for this y-ray wes caleulatsd from Eg. {22)
and a 2.3% wide Goussien window was folded in. The distribution in sneryy
loss for eloctrons origiauting threughe&% the converiter wis assumed ¢ be
given by the lowsr curve iun Fip. 31 {(zere caoergy loss is at the righi-hand
sdes of this &istribution}. Thy width'@f the trisngular pard of this disz-
tribution is r@uéhly sgual tu the stregeling, the wost probable cad averapge
energy lasaes‘for the whole foll being nodted. This distributicn was token
as constent in wiﬁth on 2 momentum scale ovexr the shole range of integrae-
iion, which gives a negligible error, the widih being correeiy where the
prinary distribution is changing repidiy. T@s exagt shope of the distri-
bution is given by conslderations of convenienscs im folding it into the
Compton spectrum by nwasrical integration. The final ealculsied Compion
distribution, with optiwum values for puay and the helght, and added to an
asgumed con@tént background, ig shown in Fi,. 31, togethsr wiith the supuri-
wmental pointg.' The discrapancy ai lower smergles ils attribated o slesctrons
originally dirscted slong a radius of the converier snd scatitersd indo the
acéﬂptan@a anglee. In suppordt of thils, 1% may be nobed thsed for the dlstiri-
bution in cusryy l@és in the converter, the woument of ares sround ose-h:Of
the aversge energy loss {l.2., the averays sneryy lows for ows-hzlf the foil
ﬁﬁiekﬁﬁﬁﬁ} iz spproximately serv, zu 1l shovdd be sccording ve the definitiocn
of the average onergy loss. Ome cannob, thorefors, sdd %o the teil of this

distrivution if it is to represend sloctrons whous ori inal directicn



correvpondad Yo the accepbance sugle of the spsctromeicy. Ths fit in ;h@
fuporbant part of the curve-—the iront sdge to comswhot past the peake——is
congidored guite catisfactory, wopseizily i& view of %he fact tual tho ewe
porluonbal podnts roprssent singls ragp=—wobally two or thres s &b o
siven magnedic fleld zetting are regulrsd lo average over iluctoations in
Lack rould and beaw pogitlon.

The yilzld of the 717 kev rodiation cx: ue obleined by ocowparin; 2he
caleulsted and sxpsrimentzal curves. This way be dons either in terass of
ihq ares under the two curves down to suee reference momentum, or in terms
of the ordinates ai soms relerence wmomeulum, tie ouolces being obviocusly
eguivalsnt as long a3 the two curves match. Whon there 1s & discrwpanoy;
reasens for it uust be invesiloatid before a cholce csn be wmads. In the
present case, it seems failrly certain thst the extrz electrons obssrved are
net includsd in culcoulstions based on Eq. (22). The peuk ordinaies of the
t#o curves were therefore cosmpared.

Ege (22) glves d¥v/dp, the number of counts per wnlt mowsntom intspwsl
for onw y=guuntum per steradiasn for sero o 3ﬁg3A10$$ in the convsrtor sad
iafinive rosolution. The convericr thickness (slong e gpuetrosster 2nls)
iz included in the constaal tmri, and the speelronster acosptandce aszle in
teradiang is included in the final tewrwm {the dufinite lonteprall. In fold-
lng in the converter distributlons #: thsrsiors tuke th: ares ag sgual to
wity, and in folding irn ths window curve we ks iha hoight as squal to
unity. The anglss 61 and Gg vsed in the calcoulatlon correspondsd to
® = 3.58% of w. As described in Sec. II F, the ssesured value of @,
for this configuration is 3.,06%, for = resolution of 2.05%; the larger
source used in tue present experiments gave 2 resolution of 2.3%. Corrsci-

ing ®, according to Ey. (2L}, we gst » corvecilon factor
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3.58 [3.06 (2-05/2-3)].1 = 3,58/2.71. e note alsc that the uait momentum
interval (which we now toks in nomentum wnite) is giVEn by the units used
for ufo = myc = 1703.9 g. cm. and finally have counts per millivolt =

¢/uV = af/d(m¥) T/uw where I 4is the total nuwber of qQuanite smitted into LW
steradianc, and iz %o bs divided by the toﬁal nuber of incident deuterons
to glve the thick target yisld; ¥, of quania per devteron. Ia this way,

one zetu for the thick target yisld of 0,717 iev quanta
Y= (1.37 £ 0.3) x 1075 /D,

The probable srror given 1s possibly somswhat pevecimistic, az is regquirsd
by the absence of any extendsd sxpsriencs with this type of ylsld measurv-
maent. '

The yield of 2.87, 3.38, and 3.60 Mev y-redistion was similarly deter-
mined. The berylliue mstal target--Compton converter had a superficial
donsity of 58.7 mg/em? (63.7 my/om® when dividsd by sosine of the acceptence
angle). The onsrgy loss for 3 Mev slectrons in this converter wis messurcd
experinentally by obserﬁing the photo-pesik from 2 thorium comverter and the
3409 Hev y-radiation from the resction C12(d 9)c1* both direstly and
through the Bs converter. As ie clear from Fig. 32, the scparstion Letwsen
the photo-peak and the Complom oleoctrens was nol swlficient to :llow any-
thing wors than m@agurﬁm@nt of the snergy loss 2 T8 £ 8 keve The mosit
probable energy loss, zs given by Coben and Christy's unpublished suleula-
tions, is 6 kev, the aversge eneryy loss calculated frow iha.f@r@ala glven
by Heltler (Ref. 2%, p. 220) is 96 kev.

Becasuse these three y-raye from Be + D are quits close together, 1%
was found desirsble to run the Cozptom elsctrons from tie single ¢13 rray

and fit the calculated curve to these sxperimental points. 4 1% m@/cmg'



curbon darced wes added to Mg beryllivwe convoriery and the carbon wal Dol
bayded wiw o2 i’»&a’v deuvtorons. The prlesry Cowplon distribwiion was baken
frow Flge B3 of Rwi‘. (’173” and bha 2.3% instrussat windeow was foldug iz'x..
The variocus die wim tions for the egnergy losy in the cwvemr that wale
folded into this are shown in Fiy. 33, =nd the caleulated curves, with
alightly different vslues of p,.y to glve the "best® fite, are shown in

Pigs. 3L and 35, vtogether with the euperimenial points. Thue calculabed

'y e A . y ; e 5 i
digstribution designated as 4}8 agrags with these polnts very satisiactorily.

then the ensrgy los in $he cexrbon is subiradied from the converier

distribution vsed to seloulate 4’8, the dushod curve of Fiz. 363 iu obtainsd.

¥ #az oblained using ths wolid curve of tils flgure (inctead of th
dachod curve, for ruasens of axpedieney in e Wm«riml i:zi“ gration), =nd
ap attempt wey mede to £l it %o the thrse B + D y=reys. Thiv wae fairly
LUGG sful for the . 87 dev 1ing, ws chowm dn Pig. 37. Ths veckorcund hor
1. dus %o Compliens from the bhigher cnergy lines s o carbon contasdinustion of
thy swrfaco of the berylilum torget, and 4o imternal comversiom pairs from
the 3.80 ¥ov r-ray (the rise in the positron spoctrum just bslew ihe Cowplon
poel iv in the right position and of the right ordsyr of usgnituds fot these
pairs).

The distribution given by ‘/’10 did net, wowewer, fit ths saperimental
peints for the other two lines, as shoun inm Fig. 38, Soms approxiumations

were uoed in caloulsting the exast curwve t6 ume, and a olightly larger velus

IY was werifisd that the variation ia the definiis inteursl of Rqg. (22)
wag neglicidle over the range of p/pwx usede

¢ From m\, 8 d&uu, the a-,mczg ta::gaw yia u:i for 3409 Muv quwibn pm ugsd 19
the C12(4 PICE?® reuction Oy Le5% & o0¢ Wev duenberent s calerdated uo
,;};.,'5,.» % 107 w4 couloub or Sei % 16-6 ., (A
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of ppay for the 3.38 Mev 11n§ would give a slightly better fit. The over-
all discrepancy is, however, definitely larger im the case of the 3.38 Mev
line than can be accounted for by experimental errors or by the apprcximto
nature of the calculations. The 3.60 Mev line is not well enocugh resolved
to allow any definite conclusions to be drawn.

Experimental error is definitely ruled out as a cause of this discrep-
ancy, since the Comptons from the 2.87 Mev line were cbtained in the same
series of runs, without any changes in the experimental set-up, meny poinia A
on this curve being obtained both before and after the higher energy curves
were obtainsd.

If one assumes approximate isotropy of the y-radiation and approxi-
mately random correlation between the dirsction of motion of an excited
nucleus and that of the y-ray it emits, Doppler broadening may also be ruled
out s & cause. This broadening would be largest for the 3.L Mev y-ray, and
even then is only 1.4% (total width), which is small compared to the width
of the Compton distribution from other causes. Its effect is thus only to
smooth out the sharpest curvatures, and is almost imperceptible; as can be
shown by folding in & rectangle 1.i§ wide. Fig. 36b, furthermore, shows how
the converter energy loss distribution is changed if rectangles 1% and 2%
wide, to reéepresent the Doppler broadening, are folded in--it is clear from
this, also, that the effect of the broadening will be epparent only in quite |
fine detail.

A strong forward and backward dlatribution of either the residual ‘
nuclel with respsct to the deuteron beam or the y-radiation with respect to
the direction of motion of the residual nucleus would, on the other hand,
give a distribution in energy of the y-radiation strongly pesked at the ex-
treme values of the Doppler broadening and would account for the obserwved

curve.
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A third poscibvle explanation, and purhaps the one to b2 conuidered wmoct
favorably, iu uhet thers arc actually two y-rays, of roughly eqgual intsnsity
and separated by something like 20 to 4O kev, in the neighborhood of 3.ii Hov.

Homw of these possible gsuplanations could be cazily investipated with
our Pf-rdy spechrometer, becauwne of the swall suparaticns involved. They
will be discussed furiber in Sec. ¥ By #nd for the presents; wo will assumo
hat only a singls =ray is present at 3.38 #Mev (and also at 3.60 Mev).

It ic then appropriate %o calculais a iheorstical distrivuiion that will
£1t tis obssrved pointsy. as shown in Iig. 39, The combined converisyr snsrgy
loss-=Noupler brozdening disti-ivuiion used in calculsting these curves 1is
saows ai the bottom of Fi,. 39. |

Tislds for these ye=rays have bsen ocxlsulztad in the saus wrnner &
aose Yor tus 0.717 [Bv line, und are given in Table I¥. Ths oprobable

Srrory, oo bafore, arm: astimated as roughly + 25%.
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Tavle IX

Rolative intensities and thick darget yivlds for yveradlation from Be + D

Ed = 1.19 M¥ov

a . b ] a T 53
AEy ol % P’mogixaak g.k., I y Y,;_v cia'gw/a;; I g Y
e & 92 da- w
(#ev) (arbeunits)})|"© |z %1:.; /D 2100 ° +/D 2108
0.1&123 ~ 0 7 @ ) ‘
° Y ° . 1.' lolsz
(011 38) .70 730 ‘ 73 2.8 0538 e
(0.472) |.53 190 50 3.3 031 | 1.6 1.6
0.7166 ; " o . 9
(0.?‘13) 0238 8& 20 19.0 B.? Oolll 1307 l__..?
«13 76 9.5 L3 3.5
1.07 0049 349
02 @ 2.
Ly (BT % | 57 29 2.5
(X.d32) |61 250 2.8
2,140 [.30 58 3.0 1.2 1.2
20856 0)5 1?0 20«. 2.3.5:’- &:.3&2 .003543 Eoi')
3.360 .27 110 1.8 2.0° 2.07€ Zed
358 |.28 28 1.6 0.6 0.89 S
Z 2%
a. Frow Tavle VIII.
6T rg
b. o = 3
A
C. = -——-’ﬁ = relative intensity from photo-peaks. Isotropy of
% b & . y-rediation assumad,
con € fdo
d. From Compion sccondarisg. Ivotropy assumsd.
@e II there are really two yerays here, the intensity given will be sowme-
what less than the sum of the two intensitiss.
f. From Sauter's photo cross section (Bg. 1).
I
X b determined to metch I and Y. for the
ge IV = ’ a A
Y 1+b cos € dZ: (1;/2) .717 Mev line. 4 t
(o]

"Best"values.
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The disagreement betwoen relative intensities measursd by the photo-
slectric effect and the Compton effect for the .T17 and 2.86 lines is
bslicved to bo mors than the poseibls aupoerimental crrors, althouph the
measuretsnt of thaiﬁrea of the photo-pcak from bthe high energy lines ic
wecertain becauss of difficuliius in deciding on the propur backzround and
the contribution of L- and M~photocloctronz.® A correction for photoele o~
trons eaitted at large angles to the quanic was therwfors made for tho low
energy lines in the foram suggested in Bg. (21). Tho arblirary constant b
was deternined for the 717 Mev line, and ihe rosulis are given in the
column headsd ”I'Y“ in Table XX.** It may sasily be thud this corrsction
is too large. However, thesse valuss are used for the "buest? valuss in the
last coluam. VWhere these vzlues are obiailnad from Coxpton secondsries,
they are provably reliable 10 4 25% in absolute velue and ¢ 15¢ in relative
valuo. Where they sre obitained from photoslesotron posk: they ares probably
roliavle 1o g_hOi for energius zbovs 1 Mev. Bslow £h13 valus, errors up 1o
& Jactor of two may occur. All those estimsiss of orror are in thewsolves
guestionable bscsuse of the lack of ary wxiended wxperioncee wiih such in-
tensity measvremsnde,

7o et some indication of how the relative intensities of the various

linos changed with bombarding voltage; ceriain relative yields were obtained

* It may also be noted thab ths caloulated seattering lsngthe, zZg, mey be
considerably in srror. This should not be important unless thelr varis-
tion with energy is also incorrect, since comparable velues of ¥/, sre
found for these two lines.

*t

Bocause of the finite thickness of the Bs target, the maxdmum path
length of & y-ray in the 0.00025-inch thorium converier was ~ 0,025
inches. Attenuvation of the y-radiation iz therefore nogligible.
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a2t four different voltages. The total y-ray yleld was mgmd at the same
tims with a vy=-ray counter at 21.7 imches from the target. This counter was
shielded by l.45 ea of alwinum obmpla%ly surrouhding it, and by 3.9 em of
lead exoept in the direction of the targst. The goometrle factor for this
arrangenent was determined by obusrving the counting rate with a 0060 SOUPCE
of known activity” in the speotromcter source éwi'tiom. An teifective®
counting efficiency ¢' for both the Go%0 j-raye (1.17 end 1.33 Mev) end
the Bo + D y-rays was caloulated by takfng the product of the attennation
of a particular y-ray in (l.u5-RB,) ou of sluminum times the counter effi-
‘ciancy € for the y-ray times the relstive imtensity of the y-ray (us
oompared to tha whole spectrum). The attenuation was calculated {rom curves
given by Heitler (Ref. 25, p. 216). Rgys the maxiwm range of secondary
electrons, and €, the counter efficiency, were taken from curves given by
Fowler, et a(3? . nte correction is very approxdmate (Heltlsr's curves,
for exampla, give only the number of primary quanis remeining after tra-
vorsel of a given thickness of alwainum, and mske no corresiion for the
’sewndary quanta that may appear. Attenustion in the 1lS-ineh wall of ihe
gpeciromster vasuun chamber was also neglested) but 1o wore or less justi-
fied by the observation that the sotal ylold of the Be + D y-radietion cal-
eﬁlamd in this manner is not chamed if the abtenustion correoticn is
noglected entirely. |

Ancther soures of error in ¢this determination iz that neudlrons, as well
a8 y-rays, may be counted., Qlass-wall counters susch as tiose usoed will cound
slow neutrons by the BiO(nm a)ri™ reaction; and neutron capturs or inclautic-

al scatiering by mstter around the target--prinsipally the spoctromeisyr

® Compared with a calibrated 0060 source obtained frem the Bursauw of

Standards.
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£is1d collo——will give rise 1o ye-radiaticn that may be counted. The slow

neubron group thai appssre at 2 thresheld eneryy of Bp = 900 kev, as dls-

covered by Evens, ialich, and Riseer(®0) geems o be eopeclally effective

in this regard. IV moy be noted that Evans, @t al, placed itheir y-counter

puch cleser two thelr iarget, so that ¢hare 1s nc resson for questioning .

thsir assumption thal they did noi count neutrons to any sxlent.

The results are given in Table X, whers the third colum glves the

result of integrating the thin target =ray ylelds of Eivm, ot al. Be-

cause of the long bombardmenis necessary in some ocnzes, surfacs layers of

Table X

carbon causing an error of ~10% in yield is possible.

Bo? + D Thick target ylelds as a funciion of Ep

& |Hon. couuts p» |Bel. yleld 2.9 Mev ; | Rel. yield 0,72 Mev ;

ED Py Total
meoulombh | o~=yield per per total pey por total
(kev) | (wrbesesle) |(arb.scale; | ucoulomb | y=yisld Jcouiowb | y=yisld
=T
802 46 6 16.9 36.8 k5.5 %
1004 95 92 39 L2.5 o 102
1186° 161 151 65 43 165 109
1503 26k 220 9% L9 234 106
a. Relerred to elscirostatic analyzer.

b.

C.

assuming our monitor counts only 'z at 802 kev.

Integruted thin torset yleld of Evans, Malich, and Risser,(®0) gng

Assuning 10/161 of our monitor counts sre dus to neutrons, the 0oS0
calibration of the monitor dsseribed above glves T = 32.2 x 10-6 /D
for vhe total thick target yield of y-radiztion 2t Ep = 1.19 iev.
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D. Hipher energy 1inssg

At noted above, Evans, et al, in Bef. (60}, report finding a nev
asuiron group, corrssponding to a Q of =0.7hL lev, ffom the Be’(d n)Bio
roaction. A search was mads for the <—radiation, which was ezpescted at .
around 5 Hov. The target comsisted of severel beryllium folls, agregsting -
= 300 kev enorgy loss for the 1.435 Mev deuterons used, SO'mg/om2 of thorium
foil to sitop the deutercns, sad 1.6 ga/em? of copper o serve as a source
of Compton electrons. The results are shown in Fig. 4L0. The wost notice-
able point is thot the high energy radiaition iz wvery weak, although Evans,
@t al, r@port@é that 417 isotropy is assusmed,; ths slow nsulrons represented
30% of all the noubrons from a thin targel at l.4 Mev. Two new y=rays are
{ndicated, and thers are twe low points just sbove the Comptons from the
- 346 Mov yeray thet were later found %o result from & third new y-ray.*

Tae principle difficulty ia obtaining tho curves of Fig. L0 was the
higzn bagkground, Ths field-insensitive neutron and v=ray backsround ab the
highest ensrgy line (a% & potsniiometer readimg of L7 mV) was avout ten
times the counting rvate due to that line, and fluctuxtions in this back-
ground were such thet eack point in this region had to be taken 8 to 10
times before they wers well averaged out. The converter was also much %00
thick compared to the separation of the lines.

An atieumpt wﬁs made to reduce this nsutron background by additienal.
shielding. A reduction of approxisstely a factor of two wus attalned by
adding shoot cadsium and 3 inches of paraffin contsining boric seid to the
3¢5 inches of load alreudy around the spectrowsier sounter (outside of the

speotromster vacuws chamber), by putiing cedmium sheet inside the spaotroe

The slopo of the ocurve above 5 Mev is attriveied 4o an wderosiimste of
the fisld-independent background mnd to scattzrin: and insdoguote
shiclding in the upesclrumeter.
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mater when it could be shielded from the coumber by at least 2 inchss of
lead, and by putting a plate of pyrex glass (wailch camaixw a few per cent
of boron) againgt the spectrometer eond plate where such lead shielding was
not feasible.® Similar shislding was alse pud arownd the monitor sounitsr.
To increasze the nuwber of Compton slectrons svwnbed, the ring focus aper-
ture was opsned, incrvasing %;’;m resolublon from Z.1% to 2.8% {(although this
did mot zive wech inersase _izz ih@ window curve helght, Wsre was an approx-
imatoly 30§ increasze in ares). The net rouull of those chianges was & galsn
of about a factor of three in the ratlo of Compion elecirons Lo backsrowd
at L7 uv (5 dev y-ray). |

The terget used in these later experiments consisted of =~ 300 kev a;f
Be foil, 25 mg/ow® of Th foil and 250 mg/cm? of Be. The beryllium con-
vorter was gubstiiuted for the coppsr because of the poassibility that soms
of the y-rays ovserved might e r@ml'ting from neutron capture (or inslastic
seabiering) in the copper. With thic cenverter; the ratic of slectrons from
the 5 Mev line to background was avout 1/6. The verlous y=ray: ave,; howsver,
zmuch betier defined, as is spparent from Flg. 4l. Tho energies of the vari-
ous yerays were obtained from these curves by assuming thet the momsnbum
glven by extrapolating the front zdge of the surve linecrrly Yo the baclk-
ground (imcluding eleecirons from hijher snoryy linus) Lo 0468 aroster than
the true maxioim ﬁlac:t,ron womantum, This rmds s Justdllod by the observi~
tion of 0.5¢ ¢4 0.7T§ for this guantity for both 3.1 Mev (Cl%} and 6.1 ¥ev

(016*'5"} rpodlation, provided only thut ihe converier thicknsss is scmewhal

% : b
It would seen from the atitempis that were made Lo reduse the background

thet the counlter was responding both o slow neutrone that actuslly
reached 1%, and to capture radiation fros other parts of ths spoctero-
meLer.
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groater than the inutmuent resclution and the Twidth® of ths primsyy
ST ChIle »

R«Sv@ mﬁ.m_:‘iﬁ:x dntensisies for the varvious linse wers obbainsd Uy
estimating the wapnituds ok he sbep in the Compton distriiution dus to
sach of the lines and ssswaing that this slep {inv& counts por ueii mo-

- menivue interval vs. momsntum plod) is proporitional w the tolal Compion
cross secbion and th@'im%wnﬁity of the y=-ray. This very approximate pro- '
codure 1s justified by the following considerations. First, the distribus
tions dus t0 the several lines overlap so badly that it is very difficult
to determine the height of a particulur distribution--the data obviously

do not justify the labor of trying %o £it cach of thess diotributlons with
2 caloulated curve. Second, at the psek of an observed Compion diﬁtriﬁué
thon, ono may sssuwe rouvghly thad all clscibrons of the primeary distribution
from Shows of maxiwam energy 10 thovs of maxdave ooeriy minus the converter
todcknass are belng couwnted; and ne others. O0ne wodc: et the primwy
dindribution is peakod 31 the mavdmuws cner;y sod that thic pesk bescaes

oharper o5 the dndtial gquentum eneryy s increased, whils twae converiay

Tais cen bs explained, in govsral derss,; a: follows: It can be sesily
shount thet 1 s Zunction that risee cesentially lineerly Irou sore is
observed with & syrwetric window warrow ocusparsd to the length of the
linger portlon of the eurve, the sere inlercept and the slops of the
Linearly extrapolated adge ore mot changsd. For the Compion dlsitribu-
tion, the extrspolatsd edge intercapt ls deterained, for smell window
widdhy by the fold of the comveriter diutribution into the primary
distribution aud, for converters thicker than 8 certsin miniews, the
front edys will not change with converter thickness (see, for gxsmple,
Fige 5¢ of Ref. 17). IV is slse found, for rasolutions of 2 to 3¢ and
convertsrs 3 o 5% thick, that this extrapolated snd point dows noi
crengs much with ensrgy from 0.7 to 7 Mev. On the oihwer hand, the
extirgpolated adge 19 mot well ecnough dsfined for elither experimental
or calculaied distributions to glwe snsrgy delerninations of the
maxinum scouracy.



thickna@s,' in uwnite of ensryy loss, is alwoist oonstant. To a first BPPTOX~
imation, then, one is counting a constant fraction of the total number of
Coupton elecirons, the total nwmber being given by the integrated Klein-
Nisghina formuda {(Heitler, Ref. 25, p. 157).

The results are given in Table XI. The relative intenzities given
may bs in crror by as much 23 2 factor of two. However, 1t stlll seewms
esrtain that the tobel intensilty of these three high enersyy iines ie less
than 2§ that of the remsindsr ol ths y-radistlon wader the conditions of
iz soperiment, thus justifying thelr poglect in the yleld caleuladions of

the previous ceobion.

Table XX

E, Relative AEyopel

2.89 £ Ok ® 2.9 —
3.35£.088 | 1.8 t
3.56 & 06 © 1.0 —
3.97 + .08 0.1 3.9h
L7 £ .07 0.1 bsolsh

5.20 % .1 0.0 5.16

aes From this wuperiment culy. Compars with
Table VIII.

Ee Asuipnment of (=rays 40 residusl nuelal.

Some of the ye=rays discussad above oun be wislsped fwmwedlately o
lovals in tho waricus reoidual avcicd thab are mowm froy obuwrvabion of

g , - ] 2 “, \ 5 7
pareicle provps. Buschnsy and S“sxmi“h("’l‘ Bove made o omovh asourate and
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complete investigation of the various groups of charged particles resulting
from the bombardment of beryllium with dsuterons. They find two groups of
imsediate intersst~-a proton group corresponding to a lewvel in 8610 at
3.375 & 010 Mov and an a-particle group leaving Li7 exoited by 0,482 + .003
Hev. They also slate with soms certaluly that thers are ao other axciiad
levels in these two nuclel between 0 aad i.l4 #ev that are reached by heavy
particle groups at ihe deuterom energies of 1 & 2 Mev that were useds The
3.36 £ 015 Mov y-ray csn thus clearly be sssignzd to Bel0* and tha y-ray
at ~ 475 kev to LiT®, This latter y-ray ic discussed in detall in the
following section. At 90° to a 1.38 Mov deutsron beum and using a thin
target, Buschner states in a private communicetion thaet he wouvld infsr from
the curves of Ref. (61) a ratio of BelO*/L1i'® = 0.56. fho ratic of the
corresponding y-rey intensitiss (Table IX) io 1.3. The disagreement may
result; in part, from the differences im bombarding energy and target thick-
ness, or it way indiczte errors in the procedurs used to calculate the y-ray
intensities. It seers quite certaln that it is act the result of anizotropy
in the proton or a-particle distributions, sinee Resnick and Hannal 62} o=
port that the proton group is sphorically symsetric and (im o private cou-
munication amplifying their published report) that although thsy could not
adequately ssparate the a=-group:s to thse growmd and the vseited states of
Li?, e cowbined groups are oughly spherisally spweirics and a partiasl
resolution sesws to indicate that they are separabely wphericsdly sywaeihric,
Purthermore, ithe analysis ol Suce ¥V F shows that i the a's ars suizetropic
their distribetion iz given by (1L - cos 8), se that ylolds measurcd ah 90Y
0 the doubercn bean would Lo an averasges value.

This disagreemsu? in relsitlve intensiticy may, on the obher hand, xu-

zult from anisotropy of either ~ray, or 1% may slse indicate thal thsre
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are two y-rays in the nsighborhood of 3.36 Nev, as wentioned in Sec. V C.
In this latter casc, the ssecond y-ray may also belong to Belo, since tho
correspending proton group may have dbesn obscﬁred by proions from the
0%6(d,1)01™ peaction im the work of Buechner and Strait.

The third reaction® that ylelds charged particles is Be9(d.t)9e8.
Bounotss ot a1(03) £ind & yeray of 4.9 & 0.3 Hev from the Li7(d,n)Beb* ro-
action. This level is enargotically accessible in the present cass.”” One
can caloulate that if the trus level energy is iL.lLk idev, Buschner, et al,
should be able to observe the corresponding tritou group. If the level ia

cat 4.9 or 5.2 Mev, the triton group would be obscured by slastically scat-
terad deuteronz. A} our raquést, Professor Buschner kindly re-sxamined
sotmg of theoir photographic plates and found a short rangs group that could
be tritoms from this reactianav The level in Bed corrssponding to this
aroup would be at L.63 Mev, end appears to be about 70 kev wide, indicating
thut the state dsoays by a—gartiele emisaion rather than y-radiation.

The remaining reaction is Be?(d,n)B10. Ths emergy spectrum of the
neutrone from this reaction has bsen invespiéat&d in soms detall (as sum-
marized in Ref. 5, p. 202) although uafortunately the methods used have poor
resolving powsr. The earlier resulie give nsutron groupa corresponding to
levels in B1O at 0.55, 2.15, and 3.45 Mev. The group corresponding to the

slow nsutron threshold of Evans, et 31(60) has bsen verificd by Whitehead

Excitution of Be? by inelastic scattering of deuterons is neglected not
only becauss it is expacted to ba lmprobable comparsd to the other modes
of decay of the compound Bl nuclsus--neutron or fast charged particle
emission—bul also because no energeticzlly accessible levels in Be? are
known and bzoause the observed low energy y-radiation can be easily
accounted for in other ways.

ot Although BeB i energetically unsteble to a-partiocle decay, such decay

may be forbidden by strict sslection rules and the otherwise iwmprobsble
decay by y-radiation will be observed, as in the well known 17 Mev
capture r&d%ﬁélan from LiT + pe



-87-

and Handevilla(éh) who obtain, al a bombarding vnergy of 1.62 Mev, a neu-
tron spsctrum corresponding tb lovels in B0 at 0.69 + .10, 2,20 ¢ .10,

3.66 £ .10 and 5.13 .08 Hev. In no detersination of this neutron Spec-
trum sc far published ara fairly strong groups to levels at O.4 and 1.02

lev or weak groupa»to levels at l.4, 2.8, 3.9 and L.4 Mev ruled out. The
work of Haxel and stuhlinger(és) on the L17(a,n)BC resction (Q = ~2.78 Hev)
gives evidence for & level at l.4 Mev. In a recent abstract, Bonner, .
Butler, and Risser(66) report five thresholds for slow neutron prodnotion’_
from 920 to 1070 kev deuteron energy, corresponding to five lsvels in BlO

at ~S.1 Mev and within 120 kov of cach other.

Cartain rolations between the energies of these y-rays (see Tabls VIIY,
pe 68) that are left may be noted. The mosﬁ(atriking is, as first noticed
by Hornyak,(56) that several of them are integrsl multiples of 717 kev %o
within 0.5%. It was noted in Se¢c. V B that it seomed very probsble thad no
Doppler corrsction should be made for this y-rays, so ihat Wi level snergles
should also be compared with multiplesv of 717 kev. Since it is nod possible,
in the other cases, tov say definitely whether or noi the Doppler correo-
tion; of ~ 0.5%, should be made, the present data can only be used to
conclude thai the interval rule helds %o at least tnis ascuracy and may
hold exastly. It may also bé noted that the sum of the y-ray eﬁergies,

413 kev plus 1022 kev equals 1435 kev, which compares closely with the 1432
kev observed for a third y-ray. If ws make the Doppler corrsction for all
three yerays, we get 412 kev plus 1017 kev equals 1429 kev which differs
from 142l kev by slightly mors than iz consistent with the probable errors
given. Sinece, as discussed in Sec. V B, thers are othsr experimsnial ob-
servations thst imply that %baée Doppler corrections should not be made, we

assume that this is the ocase for sll three of these linss.
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Evidsnce from the noutron'groupsland y-radiation ezn be combined o
give en emergy level diagram as shown in Fig. L2 where the vertical sealo
is proportional to the level energy. Ilevels demanded primarily by y-rayo,
whooe existence is aieo allcwed by the low resclution of the nevtron work
are shown dashed, and a level at 2.86 Mev that i3 indicatsd solsly by the
717 kev liaterval rule is shown lightly dashed. Other levels muy also ccour-—
@ attenpd has been made to £it the obserwed date with the minizum possible
nusbor. In Pilge U3, where the lowsr part of the diegras only is repreduced,
the ye-ray and neutron reletive intensities are neted. The lattor ave taksn,
as noted, {rom the celeulations of Evans, et al(éo) baged on the axpari-
mental worik of Boaneyr and B?ubakar(67) (900 kev peak A.C. devitercns, thick
target, observation at 90Y to the devtercn beam) and from the results of
ﬁhiﬁahsad and Mundeville(éh) (ilSO kev dsutercns, 100 kev target, obuerva-
tion at 0° to the deuteron beam). In neither case are the axperimental
conditions as close to those under which the y-ray intensities wers msasurcd
as is desirable. The threse highest ensrgy y-rays are ignored in this dis-
cussion of intensities, since they are st most 2§ of the toilsl intensity.
Further, 1t may be noted that the fast neutron and total y-ray yields of
Evans, et al, are parallel up to ~ 1l.L Mev—~i.s., the y-ray yield does not
raflect the production of slow neuitrons corresponding to the © ey statoes,
go that it may bs assumsd thal the y-ray intensiiy from these states 1s
negligible.”

The net counting affiolency of a y-ray counter would be reughly the
same for ons 5 Mev quantum as for any combinatlons of gquanta (of at
lsast several hundred kev emergy) that add wp to § Hev. Thus decay
of the 5 Mev states by cascads transitions would uot explain these
excitation curves.
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The arguments used to construct this level scheme may be cutlined
breieflye The 0.7 Mev level is established both by the neutron group and
by oboervation of the 3@9(;3,7)510 reaction. (53} ne lovsls at 2.1k, 3458
and 5.0L 20 5.16 Mev are rsquired by the observed nsutron zroups. A lewsl
2% 1o43 Uev, indicsted by the Li{a,n)BL0 reaction is also indicated ss
persitbing ancther possible csseads transition from the 2.1 Mev level,
:;}incca the nsutreon iatensity Lo this lsvel is appreciably greater than the
~intensity direcily %o the ground siate. The obosrvetlon that 0.413 Mev
4+ 1,022 sav = 1.435 Mov suggests that these two y-rays repressnt a cascade
through a state O.41l3 or 1,022 Mev from any of the several viales separated
By l.43 Hev. The exosss oi neutrons to the neiguboruood of the Ce7 Mev
state {ses especially the corves of Ref. 64} and the differsnce in mlatiw_
intensities of the O 412 end 1.017 radiation thon suggests putting the
level ab 0.112 or 1.017 Hev, the latter position being somewhat preferrsd
both because tie 1.017 Mev radiziion is tho stronger and becawse this locs-
tion allows the siwplest esxplunation of tie three hish sneryy lines Al s ous-
5ed bolow.”

The corrveopondencs betwesn hhie ordpinal populations of the varicus
loweio as plven by the ye-ragy inlonsities and sassads schuw: and az given by
who neviron intensities ls qulis good #hen the woesrizinty in the varlous
Lavencsitiey, the differences in swperdmental conditicns, sud the low resolu-
tion of ihe neutron work are considered. Howevur,; the nou-uniquensss of

pinds level cchens should be ewphasized and in perticular it is cloar that

*  In reference (53), the 0.42 4av radiztion observed when 310 44 vombardsd
with protons is attributed o sxeitation of the 412 Hev level wy in-
elastle soattering. Recant work by Browa, Chac, Fowler, and Lavritsen(ée)
and Lawritsen and Thomas(®Y hag shown thst the reaction is Blo(p;c,)ﬁa?*s
the rediation corresponding 40 a siats in Bol at 0.430 iev,
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a@vwrél caseads transitions not shown ars sllowed by the close additiviity
of the various y-rey energles.

The 5.16 Mev =ray iz clearly to be associated with the slow neutron
threshold of Evans, é't, al. Since 0.72 + L.ll = 5.16 snd 1.02 + 3.94 = 4.96,
cne can use tie results of Bonnsr, et al,(éé. to minimize discreopancles
{the maximum sstimated errors must be taken, and in opposite directicns) by
sesuning one level at 5.1 Nev that can dsecay to both the ground gtats and
the 0.717 Mev stete and anotber at 5.0 Hev that deoays o the state at -
1,022 Mev.” Thers is, of course, ao everwriding reason for doing thig—
acbually, the L.Ll end 3.94 y-rays may belong to Bot0 op swen to BeS, the
tweiton group in the ladler cass escaping notics in Bocchnmr's work b@éaua@
of its low intensity. A% this ewmeltaticm, LAY 1 unsteble vo besvy pari-
icle epission by lels or 1.9 Mev so that the rﬁdigtiam is probebly not te be
attrioated to LY, ’

The S.1 Mev staic io 810 14 unstables to 116 + Hob by 0.8 Hav, That
this heavy particle reaction predoainstes over ¢-dsweay is shown by the
.observation of Evans, 3% al, ithat althouyh the slow neutrons te his level
are proginent (they estimats 308 of the total noutrons at l.& dsv--¥hitehoad
asd Handeville get 10% at 1.02 Mev), their total y-ray yield és@s not re-
flect ihe presence of this group. This behavior iz reasonable, aé san be
shown by calculating the widthas, F}zand F?.g for a~emission and -emission

respectively. Using Bsthe's forwulas for s-wave a's (Ref. 35, p. 168), ons

® Only proliminary resulis of the work of Bomner, et al, im walch the

number of lovels aear 5.1 Hev was unecerisin, wers availsble when Fig.
L% was prepared, so that only three of the {ive levels ars show.
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pets, in vae cender of mass pystem

My = <076 0
ahere G is the speeiilesally nuciuar width, deponding uwpon the wxact
gharacters of the initial and final séates, and may have wvalues from, =AY,
1 kov to 100 kev. This gives F"a = 76 to 7600 ¢v. For FY’ oNe RMAY use
the formulas of Fowler; ¢t al (Ref. 37, p. 27h), which give for slectric

dipole radistion

2 3 2
(2 Y (bv)? < r
r"f ( ro ) (g,";)a 250 Ty > v

Here r/ro represents 2 nuclear matrix slsment thai oan have values Irom,

says, 1/16 vo 1/2. This gives l_:{ ~ 1 %o 60 ev.

Thus even with the small amount of energy available, a-deczy céxz
sasily be ten times wore probable than [ ~decay, and we zssume that this
state decays primarily by c-emiszion.™

It may be noded that this group of a-pariicles would have bean obscured
by secatiered dsuterons in Buschner's experissntsa, and furthsr, that evon if
they werse uoi z;o. chscured,; that two-gtop mature of the reaciion would re-
sudt in a rougnly 15% spresd (in the laborstory systew) in momenium of the
a's, thus making them difficult to cvbserve at wory hisk resolution, as uped
by Bueschner.

Spins may bte assigned to cerieln of the levels in B0, fhe spin of
the ground state has been shown 0 be 3,(?0) and the parity is usuvally

taken as aven., Gohea(n) hag then shown thet sxperiments on the scatiering

% This 13, of course, a simpls order of magnitude discussion of a situstion

ey iz undoubtedly guite complex, sspscially im visw of the possible
galtiplet structure of the lewsl.



of protons by Bo?

lead to an asgignment of wero upin and even parity to the
‘state at T.47 Mev and a spin of two and odd parity to e state at 7.38 Hev.
It has also been shdvn(53) that the 7.47 ¥ev sbtate dseays by cescado

through the state at 0.72 Mev while the 7«38 Mev state goes primarily to

the ground state. These observaticns are in agreeneni with an assigrment

of spin one and sven parity te the.0.72 Hey state, provided ané makon vory
plausible assumptiocus as to the relstive dipole moments ior the 7.38 Mev to
ground and 7.38)Mav to 0.72 Mev transiticane. It ie not possibvle o muke
definita.spin assignments to any of the other lavels in 310, Howsver, ono
axparimental obeorvation that such an sssigoment must oxplein may we pointed
cut. This 15 that the L13 and 1022 kev radistion appear only in combination
with the 1432 kev radistion, i.s.--that thers is no obssrved y—fay corre-
sponding, for example, to a direct transition Irom the 2,14 Hev level Yo

that at 1022 (or L413) kevw.

-

F. The first excited state of Lil.

In the work at 1.58 resclutlon, the bresdih and asyroetry of the photo-
pesk from the radiation at 475 kev 1s mos) unoticesble (Fig. 26). Thio
radietion s essiznec to the Bed{d,a)Li’* reaction bots on the basis of
Buschner's investigation of the a-groups(él) aud because of e broadening,
which ls attributed to Doppler effect, the latter belrn; muechk largey for the
(dpa) veaction than tor the ctaer possible reactiocns (because of the large
Q and the large mass of the euitted x=-particle}.

| In order to compare thls obzerved shape with that of the unbrosdsned
ling, and tc sstablish the level eneryy, the puoto-psak sua obiained when

the state in Li7 wes excited in two othor ways; by the dueay of Bul,
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Be?(K)LiT*(?) and by the inelastic scasttering of protons in lithium,
137 (psp')LiT*. The same thorium metal photoelsctron converter (7.0 g/ on®)
and sssentially identical converter-source geometry ware uéed throughout.
The itnree X photoslectron peaks; normalized to egual arcas, are showma in
Fig. Lli. The poak from 367 decay is 2.1 £ 0.1% wids (the increass over the
instrucent resolutlon of 1.47 + .05% being completely atiributable to
eneryy loss in the converter), that from inslastic 5pattering iz 2.2 & 0.1%
wide, sad that from the Ba”(d,a)Li’™ reaction is k.l + 0.1% wide. Ths pesk
- from tha 1ndlastic scattering is 1.6 £ 0.5 kew higher than that frow 367,
and that from the {dya) reaction ic several kevy lower and sarkedly ssyme
wehric. Thoe horiucntal line below the curve in this and the Jollowing
fi;ures glves the lisdte of the Doppler broadening for tis {(ds,a) reaction,
a5 obbtainsd from the location of ths Bol gurve and frow Teble YII below.
than L1T% g5 formed by Bel E-capture, the maximuz recoil onergy of
the L7 1s 67 ev {neutrino and y-ray in the same dirsction), and Doppler
effects ars negligible. As is veen from Table XII, this iz not the case
for the heavy particle resctions, and in particular it is sesn thnt Doppler

broadening is cuite large for ithe (ds,a) reaction.

T I @ greatly indebted to Profescor J. R. Richardson of ths Uniwsrsity
of California at Los Angsles for msitdng the Bef; gnd to Profsssor D. H.
Yozt of the Californiz Institute for performing the chemiocel separationsz
invelvede
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Table XIT
Reaotion Ap Yem AN : Vi47 (in A
(Mev) {kev) ca coord. ) (kev)
Lil(p,pt yraTs 1.05 0.005%¢ 2.8 0.0041c 240
Bed(dsa)zd™* | 1.19 0.0065¢ 3.1 0.029¢ 13.8

¥ one oboerved peak shift wlll be given by O = Aam cos €. From Table
VIII, cos € = 0.548 for this radiation and converter, piving O = 1.5
kav. :

The behavior of this asymmevry with varistion in bambardimg energy'wag‘
considered o bs of intsrasi. For satisfaciory resulis, it was necessary
te incressse the gpectrometer solid angle as much as possible by using the
four separated coll arrangewent. The inztrusent resolution wace kopt ibe
same {~1.47%) and the same 7.0 mg/emg thorium photo~converter was used.
The target was an ~ 0.1L mg/ca® verylliuws metel foil (~ 40 kev for the
deulerons usad), separated from the thorium by ~ 0.0l to 0.02 inch. The X
photo-psaks obtained for the 717 and k13 kev y's are shown in Fige. 45.
| They aro essentially identical with the corresponding curves from the
sarlier work. The 475 kev line wes rum with this sourcs at douteren
ensrgiss of 1180 and 1h85 kev (curves IIX and IV of Fig. 46). The burylliuve
foil was roplaced by one of 8.9 mg/on® and the curve rus at 1210 and 510
kov {curves I and IT of Pig. 46). ALl the solid curves of Fig. L% are
teken Srom Fig. Ll, which representu the earlisr work ou dals line. 4Al-
though the statlistical srrors in theose various sebs of dala arc nob as
sepall as degirable, becauves of the low intenslly available, ard alitbough
there ié ooy diiZicudty with cranges in the back round, it is clear thai

the poneral characier of the asymwatry does not chanzs.



~95-

Thers are four possible reasons for the asywsetry of this lins.

Firsi, csveral y-reys (separsted from one another by several kev), rather
than only one, msy be invelwed, This aéditional radiation would have %o

b b@ih lower in energy and considorably mors intense than that atiributed
to Li7*, Consideration of the relative intensiiles of the y-radistion and
ths corresponding a-particles (see Sec. V E) and of the cbessrvation that

the shaps of the line does not change with bombarding voltape both make

this an unlikely sxplanation. A second possibility is that the lifetime

of the stats is slightly longer than the stopping time for the recoil nucleus.
Tha nuclei in the forward direction are then mostly stopped in the target
material before they radiate, those in the backward direction, on the other
hand, escaps from the target befors they lose much velocity (ths exponentisl
varistion of the reaction yleld with deutereon sneryy is significant hers),
the net result being & "red shift® of the rediation. Aside from the facst
that thic wechanism cannot quaniitatively sccount for ocur observationms, it
i3 ruled out by Elliett and Bell's msa&urﬁm@nt(72) of the lifetims of the
sbata as 0.75 & 0,25 x 10713 sec——the stopping time for the L™ in Be metal
may e ssbimated as ~ 10712 gpe——and by our observation of the asymwetry
with a thin target separated from the converier.

A third possibility is that the recoil LiT 's are privsrily in the
backward direction, the radiation being isotropic, and a four%& i3 that the
radiation is primarily backwards with respect to ths % Uil velocity, ths
117#15 being distributed isotropically.

With some simplifying sssumptions, the effset of anisoiropy in the LiT*
distribution or the y-ray distribution may o caloulated (both may be con-
sributing simultanccusly to the obsorved result,; of course). Theseo assump-

tions ars that we can neglect the effect of the transformation from the
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center of ;mss system to the laboratory system on the angular distributidns
and that we obgerve only that y-radiation at & mean angle €, with the
spectroneter axis. |

#e nots that the deuteron bsam is along the spectromsier axis and
define angles as follows:
@ = angle between the LiT¥ velooity and the spectronster axis,
€ = angle between the -quantum and the specltrometer axis, 4 e
a = angle between the y-quantum and the Li'* velocity, - -

¥ = angle between © and a, in spherieal triangle. e

Then if ®(6) is the nwmber of radiating LiT¥'s per wmil tlms per uait

solld angle and P (a) is the y-distribution
dH(8sa,4) = 27O (8) sin 8 30 P(a) sin a da d¥.
As in Eq. (6) we have
. - ~N=1/2
dy = gin € d¢ [coa {¢ - a) - cos 9] [ccu 6 - cos (€ + a)]} .

Putting x = cos © and cos (€ + a) = b, cos (€ - a) = a and noting that the

limits on © are given by (€ + a) and |€ = a|, w can write

b
@{x) dx

ai' = 2rd(a) sin a da ein € de€ (=2}

L,T,-.
3 [(a=x)(x=10)] ’

which is integrable by ctandard formulas if ©({x; is a polynomisl.
As shown in Sec. IIT B, if we take the photoeleeiren disitribvution oo

a O-function at Wy = cog™t fs then cos € = cos €, 1z glven by

cos €, = \/coesa e - sm?‘ Wy (11)
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wheire 6, iz the uean acceptance angle of the spectrometer. 1§ we include

| the effect of scattering in the convarter (Sec. ITI B)

&
o3 € = - (38)
. 14 k3 z08 O
2 T BE - sin® @

Q

Wi can say bo a falyr order of sprroximation that woe cound seeondaries
orly from y=quanta at thils angle €, with the spoclromaier axis. Analyvic-

ally, we take & dolection factor O(cos € - o5 €.} tog foos €. Integra-

o
X

tion over € then gives

it = 21$(a) sin o da KX (-2) @(x) dx

0"
% [(a==x)(x-0)]
&

1/2

If V is the velocity of the radiating nuclsus in the cenler of wass

systemy in units of the wveloelty of 1light, the Doppler shift is given by

E%,,

EQ (1 +V coo a)

E*-[ = Eg_ - AR .
E, v (AB), .

(¢ o con @ =

¥e alzc havs

dEaf &= dE@_ = -EQ Y s8in qa da.

Thus we get

dil' b ogt AE AE :
= K ,
dE Ey V cos €, CI)<(AE)°> F((AE)Q 6c:a> (k0)

From the general nature of the ssymmsiry of Fig. Ll an extreme dis-

trivution of the form (A = cos a} or (4 ~ cos €} i» reguired. Taking the
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pedistrivution as isotrepic and the Li?* distribution as (4 = coo 8), we

ged

¢ ﬁ o,
dE EE ¥ cog € (AE)
Tuking the Li7* distribution as isotropic, and the y=distribution as

{8 = cos a) gives

2
i un® oxt (OB
dE E; V cos e, (DR,

Taking the acceptance angle of the spectrometer as 13%, we have
cos €, = 0.796 or, if we use Eg. (38) to allow for scattering, we have
coz €, = 0,548, The caloulated primacy distributions ere shown in the
loser part of Fige 47. Tao K-photo-pesk from Be'! decay (Fig. L) gives s
“window® curvo that includes both the lnstrumenat resolution and ensrgy loss
in the converter. The result of folding this "window® into two of the pri-
BATy distributions i given in the second pair éf curves. The low anurgy
tell or the 412 kovw h-linw is taken frow the 397(K)L17* K peak. Addition
of this packground to the folded dlstributicuns glves the upper curves, the
dashed curve corrosponding vo the dashed prim?ry distribution.

The energy shift dus to the center of wass wotlon has been taksn as
2.8 kev in all cases. For ¢os €, = 0,548, this should really be 1.7 kev,
wislen would improve the {1t to the experimentel points on the high energy
side, but rake 1t definitsly pooror for lower eneyrgles. ictually, such de-
tally are somewhat uncertein anywsy, sspecially for the sharply dropping
low snergy edge, becauss of approximstioms in the numerical intezration.

The gener:zl correspondsnce batwosn the calculated curvss and the

experimental points is jood snough Bhat ong can sy with somse cerveindy
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%hat the obeerved asymmeiry QAN be éxplainad either by & L1'* distribution
®(8) ~ (1 - cos ) or a y-ray distribution P{a) ~ (1 - 0.8 cos a)e 4
more detalled examination of the distribution is possible, Wwut would nob
‘be too profitable because of the wncertsinty in the experimsntal points and
ﬁec&uﬁa of the approximations in the thsoretical trsatmsnt. The principal
arror in the latiter probably arices from neglest of the solid angle ﬁrans-
forwation from the center of mass syster to the lsboraicry sysbes, both fop
the heavy particles and for the radistion, which will incrcsse the colew-
loted nusber of high energy quanta by & few per wmanls.

The asvasetry of these disitribetions resgvires that they resuly from
interierencs ovebuesn two overlapping lavelslof opposiie parity {oae the

4
genoral discussion of Devons and Him@\sg)) in either the cospound nuclans,

3119 whieh could gi@a the r@quitad distribution of the Li

-
’v L3

nucled, or in
the residusl nucleus, Li?9 which could gilve the required distribuiion of
the y=radiation. Ia neither case are dirsct measurswents of viese distri-
butions available. The work of Fesnick and Hamas on the Li'™ distribution
{or; morc ezactly, the correlatsd u—pariicls distrivution——ges Eaé. ¥ E and

’

Rei. 62) is not oonclusive. However, it would then sesm mowowhal surpriaing

Yo,

&

that the g@néral character of ihe agymroetry does noi c:ange notlosably in‘
going from 1G6.15 to 16.95 Hev sxcitation in pll (En = 510 t¢ 1h8% kev)e On
the other hand, the levels in Li7, sinos they ecan decey only by y-radiation,
would @erﬁainly not be wors than a few volis wide. I would therofors be
really surpricing if two such lewvels should be close enOUR LOs:WICT $O
glve sironp interisrencg, &@p@ﬁi&lly sinee 4t wounld b reguired thal only
one be accussible in the BIO0(n,a)Li’® resction; for which Ellicit snd

(58,72) B o , ‘
Bell observed a symmetric Doppler broadening.
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APPENDIX I

The experimenial procedurs used in seiling up the ring foous Lfor the
four separated coil configuration (See. IIL F) 15 ocutlined here as a mabier
of possible interest to othsr sxperineniers.

" Three 0.25-inch wide transmission zones, of mesn radii 2.52, 3.87,
and .87 inches, were defined by stops midway bebtwsen the sourcs and the
counter. The scurce was & Th B deposit ~0.06 inch in diamster, and the
counter opening used wag 0.0?8 inch in dizmcter. Undsy these conditions,
a singles interaal c@nverﬁiaa‘lins sppeared as three distined pssks, cach
sbout 1.7% wide, the psak at the highest mwgnetic field corrssponding bto
+the inner 4ransmlssicn zone.® Twe movablo sbops, made {rom ~ O.d-insh
thick sluminum plate, were placed at the counter end of the specircasier.
One of thase was a plug of 1.22 inches outside radius, and the other was a
ring of 2.25finch inside radius. By moving these stops along the spectro-
meter axis until the wvarious pe&ka were redvuced to half intensity, two
points on the corrssponding rays were located. The counisr coening then
gave a third point. By moving the counter 0.75 inches oubt along the g=axlo,
AI/As was determined for the three zonss. If one then zssumss that AI/Asz
is constant over thie ramge of Az, and that the sleciron psths are digplaced
parallsl to themsélvesg the positions of the thrse rays at a given magnoiic
field can ba calcuiated§ and the location of the riag focus bscomes apparent.
The results are shown in Pige L8, where axperimentsl points for the middle

snd outer paths are sghown.

+#
Similgr curvds, obiained wiith the two ceparated coll confipurationy aru
shown in Fig. 5.
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Although one may get wore accurate date from the obvious sscond ap-
proximation, the simple steps ocutlined above served in our case to locate
the ring focus with sufficient sccuracy. Appropriate thick conical stops,
guitable for use with high enerygy elec%ron&; wers then installed in the
spectromeier, as shown in Fig. 2. 4Av first, both of these were made movable
from outside the spectrometer becauss of aniicipated difficulties in getting
both the extreme rays into the countsr. Onoce a suitable location for the
hollow cons was found, it was lefd fixed. A4f%er the spectromster solid
angle desired had been selscted by the ring stop on the source snd, the
appropriate ring focus aperture could be obiained by moving the conical
plug. | '

It may be noted that although a mean diamster of 2.25 inches was se-
lacted for the ring focus aperture, it was found cxperimentally that any
diaveter between 2 and 2.5 inches gave almost as good resolution. As wss
previously noted, this was sxpected since the ring focus 1s, in reality,
only & rather pocrly-defined intersection of rays with & swall divergence.

Somswhat more difficultiy was sncountered in locating the ring focus for
the two separated coil configurstion (Sec. II E) since the desired trans-
mission zone corrsspondsd to an annulus of four %o five inches radius al the
center of the sp@ctrometér. It did not ssem possibls to gst thres well-
defined pesaks corresponding to the inner,; middle; and ocuter parts of this
gong, The following less satisfactory and much more tedious procedurs was
therelore used. After the four W five inéh radiuvs transmission zone was
defined, the counter end of the specirometer was cowpletely clesed by a
movable eluminue disk. A4 1/8-inch wide radizl slot in the disk was covered
by a sheot of aluminue in which was cut a 3/16-inch wids diagonal slot.

The diagonel slot could be woved across the radial one, thus leaving & saall



flos—

opening at any desired radius between two and four inches. Thus i’b was
posasible to determiné, in a roundabéu‘t way, bthe width and location of the
transmitted electron bsam, and consequently the appropriate loca'iion i’mé
the ring foous aperiurs.
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