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3fo..because the fastenlngs of the atoms are

" of various Kkinds whlle their matter is im= 1'j7_Q

; per1shable, compound objects remain intact

'untll one of them encounters a force that 'f-','A,v o

.proves strong enough’ to break up its partl—?‘j ,

izcular COnstltution.; f
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- " FORMATION OF Be' IN He ~INDUCED NUCLEAR REACTIONS
, Arthur J. Pape’ '
« ‘-'.}’f ’ Lawrence Radiatlon Laboratory and Department of Chemlstry

University of Callfornia -
Berkeley, California -

" August h,bl96h":
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A ABSTRACT
This work was begun to determine the importance of the direct

5[.interaction mechanism He3 7 for the "alpha-cluster

2
‘nucleus C 12 and for the Al 7 nucleus

The results of the investigation indicate that of a Cl (He5 Be
3

+ He (cluster) ,Be

cross .section of 57 mb at a He” bombarding energy of 31.2 MeV, the
direct interacticnvprocess has a cross section of apprcximately one -
" millibarn. The remainder of the Be7 l

N processes of which the C:L (He l 2)Be7 mechanism is the most’ 1mportant,
> %

is formed by compound nucleus type

- Recoil data at lower He ‘bombarding energies were fitted assuming only

- - compound nucleus processes.

The results of the A127(He Be7) thlck-target recoil experlments
3 1

evaporation’

indicate that at He bombarding energies up to,BO.MeV, Be

7

©: [ accounts for approximately 90 perCent of the Be production Cross
- section. The other 10 percent is attributed to dlrect 1nteract10n pro=-
:-fcesses. Tpe magnitudes of the direct interaction cross sectlons for
(He3 Be7) and (Heu Be7) reactions on aluminumaare consistent with the

‘idea that alpha clusterlng is favored over He clustering.ln the nuclear:

 isurfade. N



_test the idea that the He

' alpha—clusterlng in nuclei via the

e T S

-1~

I. INTRODUCTION

In view of successes of the cluster model,2 it was decided to

3

beam will act as a probe to study surface

2He5 + e’ (cluster) uBe7 reaction.

Because thls idea neceesarlly leads to mechanlsm studies ‘of the

"~.(He5,Be7) reaction, the "alpha-cluster" carbon nucleus with its large

(He35Be7) cross section (110 mb at the peak of the excitation function)

~ and the aluminum nucleus were chosen for more detailed experiments.

Three other reasons that carbon was singled out are that the

-Toils and fllms can be falricated relatively easily (for instance, as

opposed to a nltrogen target) Also carbon will W1thstand the large

_ 1on currents necessary to perform these experlments, and the carbon-

results, because of the relatively high Be7 production cross section,

are not sensitive to small amounts of light element impurities such as

.oxygeh.and nitrogen whose (HeB,Be7) cross sections are estimated to be

high. . S '
7

‘i.

A compllcatlng feature in the study of the ot (He ;Be') reaction’

is that at most He3
T

1ng Be are energetically possible. However, as the (He ,Be7) or "alphaél

bombarding energies, several mechanisms for produc~

pick-up" reactions studied in this work always appear to be more probable
than (Heu,Be7) or ”He3 pick-up" reactions, even though the excitation
functlons are not dlrectly comparable, it was decided to learn if the
large ot (He Be7) cross section (0.1 geometric) could be attributed
wholly or in part to a direct alpha pick-up reaction.

b

Aluminum was chosen as a target because the A127(He ,Be7) cross
section is large enough to allow thick target recoil experiments to be
performed, and the interpretation of the results is simplified since .

Be7 is envisioned to occur only by evaporation and by direct interaction.

 The Al 7(He Be7) results can then be compared with similar mechanism

studies on the Al 7(He Be7) system.3

Once the excitation functions for the (He

B,Be7) and (Heu,Be7)'

_reactions had been obtained, further work on the reaction mechanism

was performed using conventional counting methods in conjunction with




""" e
.;standard chemical'separations (wheré appiicable)'to separate and idéntify:‘-o‘ bus:
the 53.6-day Be7 Another pos51b111ty was to turn *o direct countlng . ftﬂi
:vat the accelerator of the reaction products using solld state dE/dx and ' o
‘t E counters. Even at the present time, however, electronhc identlflcatlon .
‘bfof the. Be7 product would be very difficult. because of the problem of ':. _ _
fabricating extremely thin and uniform dE/dx counters.- (An alternatlve 'fﬁfb}"i @ﬂ
:1s to use a gas dE/dx counter ) It was dec1ded to remain with conven= F ';"V':
tional countlng and chemical separatlons. ' ' _’ B
" The major problems encountered throughout thls work were those
associated with detectlon of low actlvitles of Be7 The 10% branchlng
‘ratio of the 0.477 MeV gamma ray by which the Be7 was detected by Nal
 scintillation spectroscopy, and the 53.6- day half-llfe gave low: countlng
'rates for bombardments of moderate length w1th the avallable He3 beams.'
For this reason, mechanlsm studies of the types performed here are best
limited to the llght élements where the Be7 productlon cross sectlon is

of the order of mllllbarns or hlgher. L ;~'.""'7‘gi [ SRR

. II. EXPERIMENTAL METHOD . -
. A. TIon Beams R o
_ ‘The- He3(+l) ion beams were obtained at the Hilac at an 1nc1dent -
;‘energy of 10.410.2 MeV/nucleon.u Stacked foil targets were placed.in a
- Faraday cup. In order to facilitate foil cooling, the .. am was usually
© wobbled randomly oVer'the target surface. The ion current integrator
was standardized;with a ca}ibrated:Weston'celltfollowing all runs where
absolute cross sections were dctermined. This.integrator standardization
i'vwas performed- on one occasion ucth from the experimental cave area -and
| . then directly 1nto the integrator. No significant difference was noted; 7
S0 subsequent callbratlons were made in the control room. Corrections
~applied to the -observed. 1ntegrated beam were usually a few percent.:;b j';_ SR
Ion beams of MS-MeV He (++) vere obtalned at the 60-in. cyclo-'
, tron. Three runs were made . at the.. 60 in., but due to the extremely L w



e
" ‘rushed schedule immediately before tﬁe'machihe was dismantled,‘time'wae~ o
not avaiiable for integrator calibration. All work performed at the ﬁ
6O~1n. cyclotron was later repeated and extended in energy at the new fL
88-in. cyclotron. : ‘ ' R |

- External beams of He (++) were also obtained at the 88-in.

,;:.cyclotron. The 1ntegrator was again always calibrated in experlments

in whlch cross sections were determined. Energies of the Heu ions were.
- taken at thevquoted value, butvare probably}not'accura%e_to more ppan._ '

5 T , , N

-2 percent.” . o T

%W

B. Experlmental Apparatus

1. Bombardments at the Hilac

Five preliminary runs were performed. Stacks of foils were

placed where they would intercept "rejected" beam, on the collimator and,in"

thd direct beam in the Faraday cup. In these cases, the amount. of i

beam impinging on the target wasvcalculaﬁed from the Na22 beta act1v1tY‘

produced in an alamihum monitor foil and the known Na22 productlon chssvf,'

section. ' ,
The standard copper "tag" target assembly was used for other
experlmenfs in which a stack of foils was bombarded.

7

In order to determine the angular dlstrlbution of Be produced
in the C {HeB,Be7) reactionf -two pleces of equlpment were used inside:
a large chamber. This chamber.is in essence a T-inch inside diameter ,
brass pipe, sectioneéd so that its length can extend up to several feet,"
'if necessary. ' i.‘ ‘ ' p, ) ‘ v

The angular‘disfribution apparapus shown in Fig. 1 allows the :
determination of angular distributions out to a laboratory'angle of
approximately 30 degrees. The apparatus shown in Fig. 2 will give the
*lsame type of data but at all 1aboratory angles.
' A single run was made u31ng an 1nterest1ng angular dlstribution -

‘3_apparatus‘(descrlbed.in detail in Ref. T) in anvattempt,to obtain a -

oo S T o T )

et

g o e ey



Catcher foil holder (cutter)

Target and one collimator

ZN-4395

Fig. 1. Cutter in its mount. When the cutter is placed in the posi-

tion nearest the target as shown, recoils are collected out to a
laboratory angle of approximately 30 degrees. When a catcher foil
in the cutter is subjected to pressure, the numerous ridges in the
cutter cut the foil into concentric annuli. In one experiment in
this work, activity limitations dictated the anguler resolution
obtainable and the catchers were cut out manually into only a few

rings.



ZN-4394

Pig. 2. Angular distribution apparatus. This angular distribution
apparatus is capable of determining the laboratory anguler distri-

bution of recoils at all angles.



N

: _46-

double dlf;erentlal cross section—energy spectrum at each angle—for

the C (He Be7) reactlon _ The run produced an unobservable amount of

a 500 mpa bean,'.Therefore an apparatﬁs'having admuch higher Be?.col4 o

lccUlon ef f1c1ency had to.be used for thls type of experunent ‘
~ The apparatus used was the oane as that shown in Fig. l, with -

7

the e produced from a small angle (corresponding to the beam hole)

out to 30 deg. (1aborauory) will be collected. In this run the catcher

foils collected sufficient Be7 act1v1ty to yleld a posmtlve result._‘v*:*"

2. Bombardments at the 60-in. cyclotron

>

The three bombardments performed at this accelerator vere T

on Suacked f01ls mounued 1n51de the standard water- cooled Faraday cup

1holder

d}.i Bombardmeﬁts at the 88 -in. cyclotron e o IR

Three bombardments on stacked foils were mede at the 88 1n.3;ij;:1-'

holder follOW1ng some adaptatlon

“Be7 in the individual catcher foils despite an 8-hour bombardment with".

_the nolder 1oaded with a s»ack of thin sluminum catcher foils. All of‘:f

. cyolotron “The standard Hllac tag assembly vas used as the target ;o“-'é'




_ c. F011s
Most of the experiments on (He Be7) and (He ,Be ) reactlons
" with various targets were dictated by the immediate availability of.the
“fvtafget foils. Representative samples‘of metals used as targets were_f

c-always anaiyied spectroscopically before an experiment and were always

" found to be of extremely high purity. F01ls were cut with a 1. 0005 -in.

‘dlam punch and were visually checked for perforatlons. .
An unknown factor is the. small amounts of light difficult- to'
1

vanalyze for elements such as oxygen and nitrogen 'whose Be productlon

~ cross sectmon in helium-ion bombardments is ‘estimated to be relatlvely
"large. A study of the thicknesses of oxide layers on various metals by
‘the methods of optical polarizatlon8 1ndicate that Be7 produced from
ffsurface oxygen contemination is not a serious problem for aluminum.
For metals whose'(HeB,Be7) and (Heh,Be7) cross sections are several
~orders of magnitude smaller than the Be7 production cross section from
oxygen, dissolved or surface oxygen 1ntroduces an uncertainty into the -
cross section determlnat;ons. Respect for this uncertainty is a maJor'%‘v‘

¥

'  reason why this work deals primarily with light target elements where

Ty

contaminants pose a less serious problem. .

For carbon targets, f01ls of polyethylene and of mylar were trled;,i

| The long bombardments, even at very low beam currents, always caused

:“‘target charrlng (or else very low Be7 act1v1ty) Aluminum spacers
1nterspersed throughout the stack of plastic foils to facilitate cool- .
ing did not solve the low activity problem. Since more than a sllght o
amount of heat damage causes inconsistentﬁexpetimentéi”results,'we turned
" to using pure carbon targets. Naturally occurring carbon is 98. 89

13

"»percent9 and the presence of effects due to C is ignored.

n The pure carbon f01ls used in exc1tat10n function determinations
. and in some recoil experlments were approximately 2.5 mg C per cm? made
of carbonlzed fllter paper. Brlefly, these were prepared by carbonizing
_one inch filter paper C1rcles between graphlte bricks. - (This causes a
slight amount of - shrlnkage ), To render the carbon dlscs ’oxygen—freeﬁ

"~ ‘they were outgassed at over lOOO C in a graphite cruc1ble heated by



-lt%dev1sed after some experlmentation, con31sts ‘of pourlng an ethanol dlluted

n‘47in organlc solvents. Commer01ally available “Aquadag

'Eh@”oxygen -free film was shown by an ot (He

B A T R T I TR U LT PRE et G
S T

fh.electron'hombardment The dlSCS were then cooled to below 200 degrees

ﬂfbefore belng exposed to the atmosphere. After such treatment, the dlSCS-.
1t 10 ‘ :

o

*ifremaln oxygen-free v : . b
_yw" For certaln experlments, pure carbon fllms were prepared ranglng

v dn thinnéss down to approximately 1OO mlcrograms per cm?.h The method
_5uspensmon of . dag"ll onto'a mirror.and allow1ng it to ary. The prepara-\

" tion ‘dag" is a commer01ally avallable suspensmon of colloidal graphlte e

nll could also

;:}éf_have been used. The unlformity of -the fllms thus prepared is ea51ly "“”lif'f
. fchecked by notlng the rates at which the various portlons of the layered . g?ﬁ-

,‘f'suspen31on dry, and by obserV1ng llght reflected off: the mlrror through
"'_the film. O _ B : S
- The next step is to let dlstllled water seep between the carbon

v -

g - film and the mlrror The fllm.ls then. transferred onto a large surface _f,;':.i
;flaf{of water where the fle is llfted off the water surface w1th thln teflon

h

-
R

‘plastlc and drled under a heat lamp. The problem comes 1n separatlng
flarge sectlons of -carbon. film from: the teflon, but this can be done 1f

‘”;extreme care is exercmsed. Teflon was chosen as the materlal most unllkely

f"rffto adhere to anythlng, but other materials such as cellophane or a: S
Cr graphlte—fllm—covered mlrror were successfully used to free the carbon {:;p'

p'i film from the water surface.

These carbon:. fllms were always outgassed between small graphlte

“blocks in h metal evaporator at elevated temperatures for several nours

'wf‘before ‘being used in a run. . That thls procedure produced a relatlvely

3 18

ment.lev Foils remalned relatively: oxygen ~-free even after. storage in thefﬂ,;J'

K 5atmosphere for long periods. The amount. of oXygen was determlned to be;i:'

'f;}approxlmately one hundredth of a: percent by weight 1n one carbon film.

3

“ The pos51b111ty of measurlng (He ,Be7) exc1tat10n functlons and

: doing recoil studies W1th nltrogen and oxygen targets ‘has been 1nvest1-':

o gated but not pursued. Wlth these two elements, one problem is the pre-

'paratlon of self—supportlng heat-resmstant targets._ It is probably - ,;}-t

. . . W R N toe M e . ‘,'
va : P AT -t RS AVE RS

e : C nmmen h v e —

[T

) actlvatlon analysis experi-*7"‘

2



h9- -

205 and ALN
" at very high pressures.13 Data obtained in this'wbrk would allow the
27(HeB,Be'?) activation to be subtracted out. Thin films of A10

2 3
'be made by electroly51s, but thin films of nitrogen- contalnlng compounds

~ _feasible to press thih_(epproximately 3 mil),wafepé_of A1,0

" are dlfflcult to.prepare ' Wafers of TaN could probably be pressed

'D. Chemlstrx

An effort was made to determine the relat1Vely low Be7 act1V1t1es,

by countlng the foils directly. However, it vas flnally concluded that
it wes heeessary to perform chemistry to separate BeT from the Naeg,and
other radioactiviﬁies produced in aluminum and other metel‘pargep.foils.
Stable beryllium carrier, and other "holdback" carriers were used. It -
was assumed that there was'complete rediochemical exehange'between the‘
1

Be9 carrier and the trace amounts of Be
“bardment. ‘

that were formed in the bom=

. W
A number of precipitation procedures for Be(++) were tried, but i
quite often the spectral analyses which were performed frequently dur-

1ng the chemistry 1nd1cated that the precipitate had the incorrect

- ratio of Be to other materials or that undesired clements were present.

For thls reason 1t was decided to work with the stralghtforward pre- .
cipitation of Be(OH) from solution, in spite of the fact that the
innal product BeO is extremely toxic and somewhat hygroscopic. Chemical
jields were determined gravimetrically.
. Because the chemical behavior of aluminum and beryllium are
very similar, the separatlon of beryllium from - "aluminum foils posed
o a problem. The separation was finally effected by repeated precipitation
" of Be(OH)2 in the presence of disodium ethylene-dlnitrllo~tetra—acetate.
- (EDTA). EDTA complexes aluminum and most metal ions strongly but
beryllium only weakly.lg Separation of beryllium.from other metal foils
foliowed fairlypstandard chemical procedures and extensive use of EDTA.
The Be(QH)2 precipitates.were spectroseopically free of the matrix (foil)
element and all holdfback carriers. One.chemical procedure, the separa-

tion of Be from Al, is ineluded in Appendix VIII. The composition of



i
oy

'ters swell in ethanol

- 80 percent;

-10- S

random samples was spectroscopically checked occasionally'during all

of this work and vas always found to he pure. The flnal BeO product

:'ff}vwas also radlochemlcally pure. (See next sectlon.)f

The Be(OH)e, after. belng re-precipltated and vashed eight times -

.5. per sample after the separation chemlstry vas performed was flltered
- on Whatman L2 paper. (Whatman hO allowed some precipltate to pass. )
After filt ratlon, the Be(OH) - wWes transferred to a platinum crucible ':.

“and 1gn1ted. (BeO will fuse w1th porcelaln ) The welght of the 1gn1ted

fllter paper was determined to be’ negllglble. Although BeO is hygro~“

- scopic, it becanes much less so if 1t 1s 1gn1ted at lOOO C for several .

hours: o e Lo

. After ignition at 1000°C" the BeO was crushed, slurried with -

. Aethanol and transferred unlformly to the surface of a 1. 8 -cm diam.

fllter paper c1rcle whlch was mounted in a filter chlmney apparatus

The fllter dlSC had prev1ously been treated with ethanol, drled and

_welghed. Ordlnary fllter paper was used for the disc, but some Mllllpore

15

filters were also obtalned for thls purpose.‘ These are attractlve ﬁ

filters for some uses because a 1arge fractlon of their area is composed

_of unlform and extremely flne pores Unfortunately, however, these fil-

After the BeO on. 1ts filter dlSC was' drled for several hours i

Iunder an 1nfrared heat’ 1amp,'1t was .weighed and flnally scotch -taped to (1.:;4

| “a, standard alumlnum .counting plate . All welghlngs on the filter dlSC

before appllcatlon of the BeO and on the fllter dlsc plus 'BeQ were

performed qulckly after removal from ‘the heat 1amp and repeated until | R
- two successive welghlngs agreed to W1th1n 0.1 mg. A1l transfers to the .
‘balance: ‘of the filter dlSC Plus BeO: were made in. a dessicator to. mlnlmlze,

':.f.uptake of m01sture by the BeO A Typlcally the fllter dlSC ‘alone welghed

approximately 45 mg (accurately known) and an (accurately known) amount

‘vvof Be(++) carrier correspondlng to approxunately 25 mg Be0 was.added to o

.eachvsampde analyzed. Most chemlcal_ylelds_were_dn the y1c1n1ty,of: e



{Zsent when these foils were counted was due to Be7.‘

' channel Penco, vhich was later replaced by a 100-400-channel RIDL. The

peak vas centered in channel 30 (Be

7

For each sample analysis new glassware'was-used to avoid Be'.

‘ :contamination from one sample to another. In the cases of platinum
. crucibles and filter chimneys where it is obviously not practical to

use new equipment for each analysis, the materials weré cleaned twice

with scourlng powder before their reuse.

7

' Chemical separatlon of Be produced in bombardments of plastic

and carbon foils was neither feasible nor necessary. .After allowing

shorter-lived isotopes to decay for a few days, the only spectrum pre-

For recoil experiments, chemical separatlon of Be7'from catcher

7

foilS'Was necessary in some cases. Separation of Be was necessary
when the{caﬁcher foil directly intercepted the helium ion beams.

- ‘ E. Counting - v
The single O,h77-MeV gamma ray following electron capture in i

A

Be7 was detected with an unbeveled 5 X 3-in. NaI(Tl)~crystal'used in

b"conjunction with a pulse height analyZer. The analyzer'used was a 100-

3

entire system of amplifiers and analyzer was calibrated both in'energy'

and in efficiency for the energy region.of interest. The system was

‘ linear in energy over a w1de energy range. Since in many cases low

act1V1ty samples were counted long counts of approx1mately a half day
were usually taken in order to bUlld up good countlng statistics. For
all counts, both long and short, the detection system was checked for
drift before and after each count by means of a Na22 source. Unless
the 0.511 MeV annihilaﬂion'peak appeared in the same channel both before

“and after the count, the count was rejected'and the sample was recounted.

During tertain periods, the recounting took up a sizable fraction of

the analyzer time.

The analyzer was adgusted for all counts so that the 0. 51l MeV -
7 in channel 28) and the Ne22 1.28

MeV peak,. formed in Na22 decay, in channel 78 Thls was done so that
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: crystals sunultaneously 1n successive lOO-channel 1ntervals B i

to the plastlc crystal coverlngs

:.when Be

. e v . " F . .
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R the samples could be checked readlly for presence of Na22 which iS'a o

SRR yl'common contamlnant and Whlch will make k! contrlbutlon to the 0. h?? MeV
e T
L ~B

_peak by'means of pos1tron annlhllatlon. - No:. NaQ? peaks were seen in

T

any of the samples where Be' peaks were determined. The scintlllatlon

spectra taken in the. gamma cave vere always 1dent1cal w1th background

'5 except for the Be7 act1V1t1es‘ " As further checks on the radlochemlcal
R purity of the plastic, carbon, and BeO samples, some of these were beta f‘
'counted in a gas flow proportlonal counter. Any apprec1able beta con-

tamlnatlon would eppear, but no beta activ1ty was apparent above. back— e

ground The half life of the Be7 peak was checked for two random

YU samples and was found to decay W1th approxnnately the proper 53 6 day

perlod. The radlochemical purlty of the samples 1s emphasized because ) fw

Ty peak areas are finally determlned it is assumed that o posm-_ﬂ~

tron contrlbutlon above background is present.al ' ' i
In one experlment in Wthh many catcher f01ls had to be counted

each for a long perlod the RIDL was set - up to count three NaI(Tl) !

. Almost .all Be7—conta1n1ng samples were counted on the first

sheif'below the erystal. In one: case thls dlstance was l 59 em,’ and in '

v another'cave.used; 1.00 cm. Those samples not counted in these geometrles

were all from the experlment where three catcher f01ls were counted

"51multaneously, in whlch 1nstance the catcher f01ls Were taped dlrectly

It is poss1ble that the background to Be7 act1v1ty ratlo in a

: sc1ntlllat10n crystal could be reéduced by reduc1ng the size of the

crystal. ThlS also has: the effect of lowerlng the area of the Be7

peak because more’ 0. h77 MeV gammas can escape the crystal Countlng of

i

'7g was tried. This idea will work but it was not pursued because the

'were not completely uncontaminated Other methods of Be

“low act1v1ty samples in a hlgh-geometry well type scintillation crystal

?‘uavailable crystals were being used in other work and also because. they-f

T

detectlon,l

13- namely by means of Auger electrons or X-rays, were 1nvest1gated Although

: these methods could prov1de hlgher speciflc act1v1ties than is obtalned

[

photo—”f4
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'O.h77 MeV peak area for preliminary cross section purposes consisted .
~ of using values of crystal efficienciés, and peak-to-total ratios of , ‘ _
Heath. 0 However, as the NaI(Tl) crystal‘has & covering of 1/16 ins ..

:convers1on factor for obtalnlng the total actlvity of Be

o onto the film and gently dried. Such a salt solutlon, even when very -
“dilute, tends to form crusts around the edge of the droplet as it dries ;.

‘and hence certain areas of the beta emitting source are not completely

PR Tr Ay

13-

= R H
. S

for the O;h77’MeV ganma-ray, it was concluded that absolute count rate. . IR
. determinations by either.ef"these_twefmethods‘wbuid introduce major - B
'dlfflcultles ' . '

7

‘The. method for calculatlng the total Be: act1v1ty from its

packed alumlnum oxide which serves as a light reflector, O. Oho-ln. o o _@

neoprene sponge rubber, and a O. 019-in. aluminum contalner,17 the true.

7

from its
peak aresa had to be determined experimentally as fOllOWS.
Thin plastlc VYNSl8 fllms were layered on water. Each film was

transferred to an aluminum disc with a 5/&-1n. hole in its center. The

vunlformlty of the VINS can be inferred from the diffraction. pattern pro=- -

duced in the film by visible llght. The thickness can be estimated
from the apparent color of the fllm 19 After the fllms were prepared,w
a "weightless" film of gold metal was evaporated onto the VYNS to render

: L
it conducting. A small amount of Na22Cl in HCl was then microplpetted ‘ R 5@

weightless. Such : phenomena occurred in several samples and no -good

method was found *o. avert this. "' i
The VINS f£ilm w1th its Na 22 source waS'then'counted in a bt betat;

counter. The geometry of the counter was assumed to be Mﬁ and a small -

correction for- p051tron absorptloneo in the VINS fllm vas made. The

1.28-MeV y-ray which isvformed in the-Na22 decay is emitted in coinci-

‘dence with the positron, as far as the Um counter is concerned, SO no .

correction had to be made for.éammas. One can then calculate the absolute y
positron activity of the Na2 sonree.

The next'step is to mount the Wa 22 dlSC Qnto a countlng plate,

" cover- it with sufficient thickness of absorber (577 mg Cuper mng was

used) to complétely stop end ennihilate the positrons, &nd count this

v .
: 3
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’ “:ﬁiaency for detectlon of O 5ll~MeV and O H77 MeV gammas, one: can calculate

= Bthe factor whlch converts & Be

U for the factor: convertlng the Be

ff‘gamma source in the same geometry in whlch the Be
t;_Taklng into account the fact. that two gammas are produced per p051tron f'

tannlhllated maklng a small correction for gamma ray absorptlon in the e

RN N . . . R . . . «

T

.7,.

samples were counted. S

7;:copper .cover and a small correctlon for the difference of crystal efflcl-"'5¥a“

T T

e

CA Cs ?7 source callbrated in a manner very 51m11ar to that Just

'fﬂfdescrlbed for the Na 22, source is avallable in this laboratory.gl Results. ﬁf e

7. T

'count rate to total Be gammas emltted

‘3f'by the sample were the same’ for both the Csl.37 and the Na -sources.

T

- None of the Be act1V1t1es counted were point sources, but instead

'ii:t the. act1v1ty extended more or less unlformly over c1rcular areas of

o

. metries were obtalned from absolute hn beta countlng of a Na“ 22 source ifirmgfflf;.~r

h;.(and then«countlng the same source in a standard mountlng below the pro-cf?f-u“ﬂ'u'w

) i"TCE plastlc sample cover. .77 S I Vﬁf'"

'fstack of f01ls was determlned from the beta activity (Na -) produced
" with known cross’ sectlon 1n a thln (sandw1ched) monitor foil. The ,w’

! counting. eff1c1enc1es of the beta counters 1n the dlfferent shelf geo—‘5

_- a plateau having typically a slope of one percent per 100 Volts over & :L;”
.,,thgh voltage range of 900 volts. Before and after all counts, a 175

e

bltgfdlameters up to 1.8 cm. No eff1c1ency correctlon vas’ made for the f1n1te
'd55*dextent of. the Be

’f-by the fact that the sources used in the crystal callbratlon were &lg0 -

7

sources, but this was at least partly compensated for

EE B PR

TP

In flve early runs, the total besm - current 1nc1dent upon the‘}f?Jr;ffittll.if

|
-portlonal counter.. Small correctlons were made for the beta absorptlon

j'ln the monitor foil and in the approx1mately one mg per cm2 Vldene- '%“7

22

The proportlonal counters were always operated in the mlddle of

56

- source was used to: glve a standard beta count rate and thus show that

the counter characterlstlcs had not changed durlng a sample count
It must be noted that the beam current determlnatlon by thls\f

o method is. probably not very accurate because the dlameter of the monltor -

gamma count rate to the total Be gammas‘ﬂag" L

" if-;_emitted by the sample. T e e T .
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o foils'(approximately one inch) is comparable to the window diameter of L

‘1lthe proportional counter. Hence efficiencies determined for the standard

Na?2 source will be different from that of a given monitor foil because

"~ of a difference in the eres of the emitting surface.

N

Because Be ‘has: a half- life long compared to even the longest

' bombardments, decay during bombardment was small. - Initiel activities

© " of Be7 were calculated to the midpoint of the bombardment. The decay

‘factors necessary to perform this calculation were taken from a "Time,

Half-Life nomogream. 23_ ,:” P “’v'* 5;

| | III. EXPERIMENTAL RESULTS |
, The cross sections‘presented in this section were calculated'r |
"'usingva half- life of 55'6 daysah‘and a branchingvratio:of 0. 103225 for -
the 0. h?Y—MeV gamma ray which follows electron capture in Be7. ‘t
. In the exc1tation function experiments, no correction was made ‘a‘,

“for-rec01l migration of the Be7 product. Because the stacked foil -

method was used (with its assumption that any products recoiling down- *
N stream and out of a given target foil are compensated for by recoils
'entering -the given foil from upstream) it is assumed that this correc-
tion is small. An exception occurs for the first one or two foils 1n a
Stack.' Their observed activ1ty was always low. A
| In several runs where duplicate experiments were performed, the
effect of target heating on excitation functions and on rec01ls from
targets was checked by varying the beam current. This will vary the

7

'famount of target heating and presumably affect diffusion of Be product,

' AT diffusion is of any ma jor 1mportance No effect due to varying beam

intensities during a run was ever: 'noticed.

It has been noted that the presence of air in“aggas target leads
‘ ' 7T 26

uto-an anomalously large production of Be'. Since in all'runs, the

total pressure in the beam.pipe was on the order of 20 microns, atmos-

“pheric contamination was not present;ino correction was made for it.’

(The role of light element impurities in low Be ! cross_section materials
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‘such as Ni and Au is another matter and introduces errors’into these.

"nQE-experlments )'

'.'5_'the 1nd1v1dual runs were virtually identical..

" of the foils used as targets and as catchers ‘However, several com-.ﬂ”-”

. -and He

type performed in this- work has been studied’ by Hower

" anxiety, at least_for the more energetlc recoils.- For Be
ff3 MeV- and'lower'Where'the Be7 is not fully 1onlzed it is- dlfflcult to

-several sources.
. culated from those of He5 by the relatlonshlp Re b = RHe5(h/3) for HeLL

_ how accurate most of the range-energy curves are. Experlmental datav -"

The role of Rutherford scatterlng in experlments 51m11ar to the,-[f‘
2? From ‘his- work
it is concluded that W1de~angle scatterlng should not be a source of )

7

rec01ls of -

evaluate the role of the scatterlng, and 1t may be large.,d

Since most of the runs in this work were lengthy, most of the

'C»experlments were not repeated under, 1dent1cal conditlons Instead an’ _
‘effort was' made to vary target thlcknesses, collimatlons, beam intens1t1es;£:1'

*and catcher f01l materlals Trom run to run for 31m11ar experlments

When duplicate runs were performed ‘as in the c* (He Be7) and the

27(He ,Be7) exc1tatlon function measurements, results derived from

N
- No checks were made speciflcally to determlne the unlformlty 1%,

merc1al f01ls have been checked and varlatlons in superf1c1al dens1t1es e

28

. were small. ‘ 'ﬁﬁ_;,' e “ jy; ,hls{f f”f@

>

Range-energy curves for He” in varlous materlals were taken from '

29,530,351

Range~- energy‘relatlonshlps for: Heu were cal-‘;

3.

1ons of the same. (non-relat1v1stic) veldc1ty It is not known

for- Be9 (hence Be7) and other 1ons 1n various stopplng materlals are
scarce, so the calculated range energy curves were accepted at face .

value. The range-energy curves are discussed in Appendlx VI and cal-v

© . culateéed ranges are compared w1th experlmental

‘presented hy Evans

The method used in calculatlng the errors follows the treatment
52 For the most part the error ‘bars deal with random
errors inherent in such processes as welghlngs varlatlons in f01I

thlcknesses, or measurements of dlstances. Any systematlc error, such

" as crystal callbratlon, Wlll remaln constant throughout the data.-



-17 -

800 T

700

600

500

400+

o (pb)

300

200

T

100

E o3 {MeV, lab)

MU-34496

Fig. 3. Excitation function for the A127(He3,Be7) reaction. The
range~-energy relationship was taken from Rich and-Madey.29 The
horizontal bars representing the data denote AEHe3 in a given tar-
get foil. Data are compiled from three runs.

35

Cross section data of Cochrane and Knight”~ for the same reaction

together with a reconstructed AEHeB and their estimated uncertainties
are indicated by the shaded boxes. Their data has been adjusted for
the Be7 branching ratio and half-life used in th%s work.

In estimating the errors the formula @ = E%i % (Xi-i)e was used.
The values used for X were those on the curve drawn through the
experimental points and ¢ was determined in the two regions where
the error bars are drawn. Error bars in Figs. 3, L4, 6, 11, and 12
were determined in this manner.

The threshold for the AleY(HeB,Be7)Na23

reaction is 9.47 MeV.
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Several thlck—target recoil experlments were performed in an

effort. to elu01date the mechanlsms of the A127(He Be7) reaction. :In'

these experlments alumlnum targets were sandw1ched between thick catcher "“

7

f01r-‘ The fractlon of the total Be produced Wthh rec011ed forvard -

7

out of the target is denoted by F. leewise, the: fractlon of Be ,"Lﬂf";

rec0111ng backmard is B, and the fractlon remalnlng in the target 1is T.

Low Be7 activation in the catcher fomls was assumed to be the same. as- ;”ﬂ,

that in the blank foils 1mmed1ately next to the catchers in the stack

_ The data are presented 1n Table I.

V(z Uncertalntles are estlmated by assumlng & *lO percent varlation

T

1n the observed Be

count,rates of the actlve foils.,
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Table I. Recoil data on A127(He3,Be{) reaction.

: _ He”| energy . Al . - Catcher T S -
) <EHe3) . acrOFs target. f thickness foil F‘x . ?f.~Bf‘:fﬁf el

A

ok Mev | 25.2 | 2h.0 MeV 7 3k mg/cm . hg. O 28:0.0k K '_._.ofohaio;oo7 0. 67+o 09 ..

o6 esel-eho - e h2.14 ?_-jzj'7Agf_:T¥o 27200k ff}b)éhBtéﬁboé-"i"o 6920 1o:f;ffﬁf

ce6.6 ‘28-2,.‘"_25.-1 o 22.95 e ﬁf’o 086+o 012.: IS -;,."--0 91+o 12*""' o

“as9 | oBaflesk e U wm o 088+o 012_ BT 3,_;.;5.1'0 002 -

296 - 30;1f; 292 o0 v ag o.sme o.olg " 0.01920.007 fl_T':'20.6,2;0.08'»‘”::f',' Co

Tz0r :'31.2:- 302 750 = 0360

CUsor 0 3Le -0l iMoo os®

3

The Be7 act1v1ty vie.s too small to detect accurately
These F- values vere obtalned from the runs where the exc1tat10n functlon vas determlned The o
. first target foil of the stack is not fed with- BeT recoils from behind, and its observed acti-
vity is less than the value obtained by extrapolation of the activities‘of the other down- . -
"stream foils. The difference between the extrapelated act1V1ty and the measured activity for . =~ -
‘the Tirst foil- in the snack is then a measure of F. o L R

. .
-~ R ;

A o

;

v
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Fig. 4. Excitation function for the A_'1.27(Heu,Be7) reaction.
Threshold for the A127(Heu,Be7)Na2u reaction is 25.5 MeV.
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Fig. 5. Excitation function data of other inves‘(:igad‘.ors5’BIL”)5 for

the reaction A127(Heu,Be7). Their results are taken as they were

7

published with no correction made for the Be half-life or branch-

ing ratio used in this work.
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Fig. 6. Excitation function for the Fe(natural)(Hes,Be7) reaction.
The threshold for the Fe56(He3,Be7)Cr52 reaction is 6.1 MeV. Data

are compiled from two runs.

3

Since no range-energy curves for He” ions in Fe are available,

several range-energy curves were calculated using the Bragg-Kleeman
36 5 in Cu and in Ni.29’30’31

Rule”” and available curves for He None
of these schemes gave the proper range-energy relationship for it

was known from heat damege in which foil the beam was stopped. The

range-energy curve of He3 in Ni was finally used to calculate the
b)
He

density of Fe is approximately 12 percent lower than that of Ni,
3 -

ion energy throughout the Fe stack. Although the electron

this range-energy curve for He” in Ni had the He5 beam stopping in .

the correct foil.
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Fig. 7. Excitation function for the Ni(natural)(ﬁe5,3e7) reaction.

The beam flux was determined by means of a monitor foil.

The threshold for the Ni58(He3,Be7)Fe5h reaction is 5.1 MeV.
Threshold for Niéo(He3,Be7)Fe56 is 4.9 MeV.

Range-~energy curve for He3 in Ni was taken from Bromley and
Almgvist.o0 | '

The error bars indicated on this and the next figure are *50
percent whiéh reflect the facts that these were single runs where
the integrated beam was determined by means of a monitor foil.

The Be7 production from impurities contained in the Ni and Cu foils

may be large.
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Fig. 8. Excitation function for the Cu(natural)(He3 Be7) reaction.
The stack of foils was run on the collimator during another experi-
ment. The beam flux was monitored by means of the Na 22 activity
induced in a thin aluminum (sandwiched) monitor foil. The range-
energy relationship for He5 in Cu was taken from Rich and Madey.29
The threshold for the Cu 5(He Be7)Co59 reaction is 4.4 MeV. The
threshold for Cu 5(He Be7)Co is 5.4 MeV.
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Fig. 9. Excitation function of the Ag(natural)(HeB,Be7) reaction.
The range-energy curve for He3 in Ag was taken from Bromley and
Almgvist.”°
The threshold for the Aglo9(He5,Be7)Rh reaction is 1.4 MeV. The
threshold for Aglo7(He3,Be7)Rh105 is 0.70 MeV. The Coulomb barrier
for He onto Ag is 1k.6 MeV.
The *50 percent uncertainty indicated on the data reflects fhe fact

105

that this is data from a single experiment and that the role of
7

light element impurities in Be production is probably significant.
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Fig. 10. Results of an Aul97(He5,Be7) experiment. Since gold foils
contain sufficient carbon impurity to account for the observed pro-
duction of Be7,37 it is probable that the Aul97(He3,Be7) cross
section is very low. The dashed curve shows the shape of the
Cle(HeB,BeY) excitation function for comparison with the observed
Be7
the reaction Aul97(He5,Be7) is +3.1 MeV. However, the Coulomb

barrier for He’ onto Au is 26.9 MeV.
3

cross section as determined from Au foils. The Q-value for

The range-energy curve for He” in Au were taken from Bromley and
Almqyist.Bo

dation in the respective target foils.

The horizontal energy uncertainty denotes beam degra-
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,Be7) reaction. The

Fig. 11. Excitation function for the clz(HeLL

range-energy curve for alphas in carbon was calculated from the

3

range-energy curve for He” in carbon as presented in Rich and

29

Madey. Data are compiled from four runs.

The threshold for the Cle(Heu,Be7)Be9 reaction is 32.9 MeV.
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Fig. 12. Excitation function for the ClE(HeB,Be7) reaction. The
)

range-energy curve for He” in carbon was taken from Rich and

Madey 23 Datea are compiled from two runs.

The dashed curve is the same excitation function as determined by
Cdchran and K‘night33 using thin machined graphite discs as targets.
Their data has been adjusted for the Be7 half-life and branching
ratio used in this work.

The threshold for the ClE(HeB,Be7)B68 reaction is 7.2 MeV. The

threshold for the ClQ(HeB,EOL)Be7 reaction is also 7.2 MeV.
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Fig. 13. Data on the 016(He ,Be7) reaction. The targets were mylar

(33.3 percent oxygen, 62.5 percent carbon, and 4.2 percent hydrogen)
7

and a large fraction of the Be

7

production in the target foils was
due to the carbon. The Be' activity due to the cafbon was subtracted
using cross sections from Fig. 12, but the difficulty in accurately
obtaining a small difference between the large Be7 count rates per
mylar foil and the large Clz(He3

the scatter of the points given in this figure.

,Be7) correction are reflected in
The range-energy curve for He3 in mylar was taken from Demildt.31

The threshold for the 016(He3,Be7)Cle‘reaction is 6.6 MeV.
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In the following ct (He Be7) recoil experlment (Table II, Flg

v 1lk) a 2.48 mg C per cm2 target was sandw1ched between many: 51lver catcher 3,iffﬁ;:I

S « foils. The He5 energy varled from 30 2 to 30 O MeV‘across the carbon ; ERRE !

target. u: : :
: T,

It was necessary'to perform Be- radlochemmcal separatlons from

ﬁ'f'the'silver_f01lsf Many up- and downstream f01ls on either side of those SRR

1isted in Table II and Fig., L4 were analyzed in order to be certain- ,7

-',fthat the Be7 act1v1ty is represented by the data presented ‘here. LA

}_ small Be

\'«r:the carbon target and . thus precluded an accurate Be

' ‘E‘The beam strlkes the stack flrst at 3-Ag and proceeds downstream. 'fit-i

T

actlvatlon of approx1mately of 5 counts per mlnute in each. Ag
'-catcher foll- has been subtracted

-Since.a large amount of recoil p051tron act1V1ty appeared 1n

7

Cactivity determ1na~ L

'tlon, the act1v1ty of Be7

remalnlng in the ‘target was calculated.
» , -The . uncertalntles were obtalned by estlmatlng a +5 percent
varlatlon in the observed “count rates of the target and each catcher

" The data for thls run’ are presented 1n Table II and 1n Flg. lh

.
i i
A

8 In thls experlment K ,
| F o= Vo.!+9-' 0.02:
< 0.011 0,001

T ‘=['o.-50 0. 03

[se
\[‘




Table TI. Data from Co(He”,Be!) sandwiched target recoil experiment.
The target thickness was 2.48 mg C per cm@ and'(Eﬂe3),=.30.l’MeV.

N ,)‘

R ) g %'{ﬁ . o .
- Foil thickness ) Be-7 activity

)

Foil |

"5-Ag"”f-,  _5:  fi 12168'. :  ,: ;. ; '.l"‘lél:7b
i . “"l»   ‘f ;.{2.h8  <iw‘w{*f;1.;"{,53501_(0519;15t¢d),
“7.‘7—Ag i‘  ’ ?v??,;::u‘2,534 f}j.1,“5 :i"; ;8?8 . g .
Sag s
G0-ag . eew oL

11-Ag. - E;-"v'» _‘2.66 "‘f‘ L »n3571‘

.7 12'Ag"'.»  .  1‘T . .2.72> lf.v ;: . "v‘ '.éAT‘."
C13-ag et ke
Cldeag o 2066 o5

B




(arbitrary units)

Count rate/thickness
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Fig. 14.  Activity profile for Be

Stack thickness (mg/cm?)

MUB-3179

7

produced in & stacked foil experi-

ment. The 2.48 mg C per cm2 target was sandwiched between many

silver catcher foils.
was_50.l MeV

5

The average He” ion energy in the target



’_laéf one. Here the He”
- used as catchers and the Be

;actlve foils.

':35-'

i

The fgllowing Cl?(H¢5,Be7) recoil experimentvwas similar to‘the

5 ves degraded in energy from 24.0 to 2%.5 MeV

. upon paSS1ng through the 2.42 mg C per- cm2 target Nickel foils were

7

was radlochemlcally separated from thenm.
Uncertalntles were. estlmated to be +5 percent in g1l of the .
In this experlment _
CF =0.33 £0.02
"B = 0.0072 * 0.000k:
T = 0.66 + 0.0k, | o
 The data’ are presented in Table III and showﬁ ih'Fig.:l5.

I

>
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- Table ITI. Data from C-2(He’,Be') sandwi hed target recoil experiment.:
~i . . The target thickness was 2.42 mg C per e¢m”. - The average bombarding
- . - energy in the carbon target was 23.8 MeV. ' o

I

SR 7 U Fesl’ o U . Foil thickness Be! activity

9w . 2.28mglem® [
10-Ni .« o o 2k T
. ll—C »i . p

oam
S22 0 1710,177 observed

qeeNd e elsTo s T esee e
13-Ni77flt;;f5 3V'Mf2f2“f"iff}' fﬁ ;%§'5 EEEE
' -15-N;~¥-ufujvﬁ7jf?52.31<:" SR Y- s R :
Caem . o D oade o318
CATANL 2o e i -

\."..

.”_.{iif}mf ‘f}-f.jg ;t;‘;¢¥”~lO,h35 calculated R
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Fig. 15. Activity profile for Be7 produced in a stacked foll experi-

ment. The 2.42 mg C per cm2 target was sandwiched between many

3

nickel catcher foils. The average He” lon energy in the target

was 23%.8 MeV.



-
The follow1ng C (He5 Be7) recoml experlment was S1m11ar to the.

b*'last one. Here the He3 was degraded 1n energy from lh .9 to 14.2 MeV -

U'ufupon passing through the 2. h8 mg C per cm2 target. Silver foils were .

7.

*Efused as catchers and the Be was radlochemlcally separated from them.n.V S

Uncertalntles are estlmated to be 5. percent in the observed

"c'act1V1ty of each catcher f01l The act1v1ty remaining in the target

>-1s taken to be +lO percent of the’ value calculated because of the' a
-rapldly decrea51ng excitation functlon in this reglon and because of ]
‘;tne 1naccurately known beam energy after degradatlon to approxmmately

“half energy. ‘ _@

In thls experlment T- :iuiﬂf_'gf;:-}ﬁ'aep_{de«fiﬂ erifisvi‘”fuef
B=0 0011; £0. ooo.1 Rt
L e ‘pe 0. 79 * 0.10; R O
The data are presented 1n Table IV and shown in Flg. 16 i f
C 15, _; R _ : _ L : ;;iuf
3 e
Nt
f r



-37-

Table IV. Data from Cle(HeB,Be7) sandwiched targeﬁ'recoil experiment.
.. The target thickness was‘2,h8 mg C per cm®. The average bombarding
energy in the carbon target was 1Lk.6 MeV. :

e Foil Foil thickness ‘ Be6 activity
 31eag 2.72 mg/ems ) f 0 cpm
32-Ag | ek o 22k
33.c . 2.8 “ 12,856 (caleulsted)
D 3keag . 23T L e "
. . 35-Ag . 2.6k T
| 36-ag .28 87

37-Ag o2 0
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Fig. 16. Activity profile for Be7 produced in a stacked foil experi-
ment. The 2.48 mg C per cm2 target was sandwiched between many
silver catcher foils. The average He3 ion energy in the target

was 14.6 MeV.
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The following ClQ(HeB,Be7).recoil experiment was similar to the
lest one. Here the He3 beam vas degraded in.energy from 10.8 to 9.8

¥eV in passing through the 2.46 mg C per en® target foil. Nickel foils

7

vere used as catchers and the Be' was radiochemicélly separated from
- then. | . : | - : . ‘ |
. o ’ Thé uncektéinties in the activities of the two most active foils
is,estimated to be *5 perceént.for each. The uncertainty in the valué- |
of B is estimated by assuming that the backward count rate is 2 .2
counts per minute1 ' .
In this experiment. '
| | 0.078 % 0.005 -

. F= | '
B = 0.004 % 0.00k - o,
T = 0.92 + 0.06.

. The data are @resented in Table V and shown in Fig. 17.
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Table V. .Data from e (HeBL,BeT) sandviched target recoil experiment.
" The target thickness was 2.46 mg C per .cm2_. - The average bombarding . .
. energy in the carbon target was 10.3 MeV. A IO -

‘ Ec-’-l—l- o F01l thic@éss :
| Shec 26 koo (obseneed) -
35N ﬁé.gg 35&- e

« .

.'.'Be7’2' zictiirity w
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400 Torge\‘\ _

200 - n

- He® beam
Ni catcher
I I e | | | | |

O _
-4 -2 0 2 4 6 8 [0 12 14
Stack thickness (mg/cm?2)
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Count rate/thickness

MUB—-3181

T

Fig. 17. Activity profile for Be produced in a stacked foil experi~
ment. The 2.46 mg C per — target was sandwiched between many
nickel catcher foils. The average He5 ion energy in the target

was approximately 10.35 MeV.



';?Ilaet-one However, here the target 1s a thin-carbon fllm of 120 mlcro—ﬂﬂg?f'

.hfa]the carbon film has ‘been converted to. an equlvalent thlckness of nlckel f};;:f'x:

;‘-:of nlckel.
'T'talnty because of the hlgh recoil posmtron act1v1ty 1t contained from ;:iAJ .r
' -neighboring nlckel f01ls., Be |

ﬁ-icatcher f01ls.'_

" be +5 percent for each The uncertalnty 1n the count rate of. the target,‘-t'

:-fwas estimated to be +5O percent ff .

'thls experlment R

--,_ug;v,'f B

.

The follOW1ng o (He Be7) re001l experlment is 51mllar to | the

;grams per cmz._ The catcher f011s are nlckel.f For plottlng purposes, e

'i.x:by the factor 1 73, the ratlo of the stoppmng power of carbon to that

The Be'7 act1v1ty in the target film is subJect to large uncer-l:7.

7

was radlochemlcally separated from the B

Dev1atlons in. the act1v1t1es of the catcher f01ls were taken tO"lij:,}

. The: data are presented in. Table VI and shown 1n Flg. 18

l+‘_

U,};F,; 0.85
CEUBEIQAL £0.01 T e e
SR ‘ov.olm £ 0. 022..}_2_ L e

Il

i R OV '.!



" Table VI. Data from 012 He3 ,Be
. .The target thickness was 120 mlcrograms per cm2
: - at the target was 30.4 MeV. :

'_'hB;

T

sandwiched targéf‘recoil experiment.
The bombarding energy

y o ' 2-Ni
' 3-Ni
h-Ni

s
6-Ni.

T-Ni

P
9-Ni
10-N{ -

11-Ni

12-Ni
13-Ni

1Lh-Ni

A . TFoil

 Foil thickness

‘ 12.63 mé/cm2

246
0.53
0.120
0.60

2.21

- 2.28

2.25
2.18 .
2.25
2.2k
2.28
2.28

7

Be | activity

0
. 22.8

37,6
o 25'
6.6
185
9.5
55.9

3Lh.1

20.8 |

k.1

10.9 -

0
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Fig. 18. Activity profile for Be7 produced in a stacked foil experi-~
ment. The 120 microgram C per cm2 target was sandwiched between
many nickel catcher foils. The He5 ion energy at the target was
30.4 Mev.
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19, In this experiment

._  s

This run is also similar to the preceding ones. This

He5

,Be7)-sandwiched target récoil experiment ﬁtilized a carbon
target of 227 micrograms per cme.' For plotting purposes, this is con-
verted to aﬂ équivalent nickel thickness. BeY'was-radiochémically

separatéd‘ffom the nickel catcher foils, but since no séparation was

feasible for the Be' in the carbon target, its activity is subject to
" a large uncertainty. o , o

The variation in the count rate of the caﬁchers is taken to be

5 percent and that ir the target, *50 percent..

The date from this run are presented in Table VII and in Fig. -

0.81 £ 0.08

F = N
B = 0.019 * 0.002 . :
T = 0.17 % 0.10.



; - Table VII. Data from ClQ(He3 Be7) sandwmched target re0011 experlment
. The target thickness was 227 micrograms C per cm2
© - ing énergy at the target f01l was 15 2 MeV.

The average bombard— ﬁf#

' Foil

i f' 2&fNi ﬁ;;;J
o
S, j;; f?f
..”'28-Ni,_51177i'
20-N1 1 -

zoANi

. Foil thickness . °
L 2.35 mgfem® Lot

\ 0.56 ,

S 060
o 2228" fV ::
" ;%>'2f?5  L

“-EBeT act1v1ty

T 00 cpm N

o 22,8 j:

T 200

'209.9f."
5ok

18

..O_
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FPig. 19. Activity profile of Be7 produced in a stacked foil experi-
ment. The 227 microgram C per cm2 target was sandwiched between
>

many nickel catcher foils. The average He
get was 15.2 MeV.

ion energy in the tar-



"Qlcatchers could be counted dlrectly

: ;“ —)-l-'8-"
’ - Im bhe C (He3,Be7) rec01l experlment thln carbon fllms were
7ﬁbombarded in a stack of” gold catcher f01ls._ After a sufflclently long
- 'waltlng period, there remained no act1vmty (spec1f1cally g*) which
"{‘would 1nterfere w1th the determlnatlon of the Be7 peak and the gold

% .

A +10 percent varlatlon ‘was taken for the count rates 1n tar—.;i*

' ngets and catchers‘.

E The results are presented 1n Table VIII
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Table VIII. Recoil data for

Cle(HeB,Be7) reaction.

‘Terget thickness (E; 5) o F

B ST

270 microgramsfcn®  30.k MeV  0.76%0.03

Comr 15.0  0.72%0.0k

10.078£0.006 0.16+0.02

0.008£0.001  0.27%0.03

——
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_ In thls experlment (Flg. 20) the dlfferentlal cross sectlon
'»(the angular ‘distribution of Be7

from’ “the t (He Be7) reactlon 1ntegra-lj&

' ted over energy) is obtalned as'a function of laboratory angle from O to. _

: .451 Geg. ST T e e :11_‘f¢{'fi];: s
: . The 2-mil silver catcher foil was mounted on a holder which ffﬁu}ff |

:also served as a cutter: to cut the catcher foil 1nto seventeen concentrlcv {?i;_a}f
‘rlngs - (See Flg l ) The 920 mlcrogram c per cm2 target was placed :J'T“nﬁ Q_'
;fpertendlcular to the beam ax1s.. Beam energy was 31 2 MeV and the, col- *.h -i}?

fllmatlon was one- elghth inch. All linear measurements of dlmen51ons fkﬁ" -
_were performed four- times . and the average was taken to calculate angles

:The very- low observed count rate per rlng vas d1v1ded by'Acose t : {'f:

lab -
‘obtain & quantlty proportlonal to (do/dQ) ,the Be7 cross sectron per R

. la b’
',l_unlt SOlld angle, at each laboratory angle. Count rates were corrected

”v,for chemical yields and for decay after bombardment Because the beam.-th”?lff'.vz

'

v_,passed through the catcher foil, a O 6 cpm Be actlvatlon correctlon was RN

‘ .calculated for- the catcher that subtended the laboratory angle 0. OO toi

;2 ok deg No Be7 actlvatlon correctlons were made. for the other catcher ‘
_;I‘]_ngs, | | . ‘ . . , ‘ o . :
L Attempts were. made to obtaln angular dlstrlbutlons in 51mllar

>

'f experlments u51ng degraded He beams Degrader foils were. placed, in
“turn, behind- the first colllmator, “the second colllmator, and finally | "f'i»: g
- ;1mmed1ately ahead of the target : However, the beam flux was. attenuated R

'con51derably after degradatlon It is probable that after some - beam
3

” fdevelopment the Hilac could accelerate half-energy He” ions with: suf~.- ;

ficient 1nten51ty to perform this. experlment successfully.58
. In Fig. 20 a horlzontal bar represents the angle subtended by

o a glven catcher foil annulus ' : T ]
1 " The follOW1ng experlment (Flg 21) ylelded the angular dlstrl—ftn.

.-butlon of all Be! from the C- (He ,Be7) reaction from 8.20 to 171.L0.
deg in the laboratory. Two-mll 51lver f01l vas loaded into the angular
dlstrlbutlon apparatus shown in Flg 2 After the run, the catcher
foils were cut up 1nto sectlons to obtaln the angular dlstrlbutlon S : f,:

T

Radlochemlcal separatlon of Be

was performed on all the 1nd1v1dual foil



Fig. 20.

8 T T T I T
@ A
.t pe —
C
- |
>
} -
O
S
=
L0
} .
O
e
n —
o
22 ~
c
© - -
TN
b .
° 0 ! ] ! | | | ]

100 0.96 0.92
Cos 8,4

Angular distribution of Be7

out to 31°5.4' in the laboratory.
31.2 MeV.

0.88

0.84

MU-34507

from the ClQ(HeB,Be7) reaction

The He3 bombarding energy was
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Fig. 21. Angular distribution_of Be' from the 012(He5,Be7) reaction
from 8°12' to 17102h' in the laboratory. The He3 bombarding energy
vas 31.2 MeV.



«H3=

‘sections. The results are correctéd.fornchemical yield and decéy after -

bombardment. The target thickneés was T80 micrograms C per cm2 and ,
was oriented at 45 deg. to the beambaxié. The energy_of}the He5 was
31.2 MeV. The beam was directed through a l/8-in. coliimation system.
The hbrizontal‘bars represent the angle subtended by thé peSpective‘_
catcher foil segments. '

In the follow1ng experiment’ (Flgs. 22-26) a target of 26;

micrograms C ‘per. cm2 was placed perpendicular to the 31.2 MeV He .beam

Collimation was one-eighthiinch. A stack of approximately quarter—mll

| aluminun foils was placed on the holder shown in Fig.vl. The aluminum

catcher foils were cut from the center and most uniform portion of the

aluminum sheets. A 1/k-in. beam hole was punched in the catchen foil

stack. After the run the beam hole was enlarged slightly and the re- _'

mainder of the catcher area was cut into five concentric annuli. The'

stacked foils constituting each of these rings were then‘counted'to
7

7 : )
determine their Be' contént. No radiochemical separation of Be' was y‘
performed, and activation in all. the catcher foils was negligible after:

a period of walting.
7 in alhmlnum was calculated from

9

The range-energy curve for Be
the publlshed39 range-energy curve for Be” ions in aluminum and the
factor 7/9 for ions of the same velocity.

. This experiment yielded a double differential cross section

for Be! produced in the.Clg(He5,Be7) reaction. Figures 22 to 26 show
the data. ' | o o

The raw data presented in Figs. 22-26 were transformed into the
0 15 center- of-mass system by a transformation determlned by the He3 enexrgy
and the masses of the He5 and Cl . “The results of this transformation
are shown in Figs.Q? 30. These figures show the angular distribution

for the different Bé7 center of-mass energy groups.
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Fig. 22. Laboratory energy distribution of Be prbduced in the

Cle(HeB,Be7) reaction at a He bombarding energy of 31.2 MeV. The
laboratory angle subtended by this series of catcher foils ranges

from 3°05' to 8°11'.
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Fig. 23. laboratory energy distribution for Be7 produced in the

ClE(HeB,Be7) reaction at a He~ bombarding energy of 31.2 MeV. The
laboratory angle subtended by this series of catcher folls ranges

from 8°11' to 1L°10°'.
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Fig. 24. Laboratory energy distribution of Be '

ClQ(He5,Be7) reaction at a He’

produced in the
bombarding energy of 31.2 MeV. The
laboratory angle subtended by this series of catcher foils ranges
from 14°10" to 19%52'. ‘
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Fig. 25. Laboratory energy distribution for Be7 produced in the
C12<He5,Be7) reaction at a He3 bombarding energy of 31.2 MeV. The
laboratory angle subtended by this series of catcher foils ranges

from 19°52' to 25°10°.
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‘Fig. 26. hLébératdryiénergy distribution of Be ! iroduced in the

5 bombarding energy of 31.2 MeV. The

Clg(HeB,Be7) reaction at a He
laboratory angle subtended by this series of catcher foils ranges

from 25°10' to 31°27'.
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An area in the following figures, that is (do/dn) x Acosf . is"
proportional to cross section. The area contained in the two peaks of

Figs. 29 and 30 (which ié attributed to direct interaction (DI); see :

'Sec. V.-E) is approximately 2 percent of the total cross section for
. C

~formation croés section at 31.2 MeV is 57 millibarns. Hence o.. = one .

b

Her 5

12 ,B’e’7) at He’ energy of 31.2 MeV. From Fig.12 the total Be'
DI
millibarn.
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7 from the C]fE(HéB-,BePZ) reaction

Fig. 27. Angular distribution of Be
in the Ol5 cent'er—'qf'—ma'sé system. Thig figure 'represenﬁs the energy

group, 3 < EBCIE'? € 5 MeV. The center-of-mass cut-off angle is

569371 ..
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Cos B¢.m.
MUB =3175

T from the Clz(HeB,Be7) reaction

Fig. 28. Angular distribution of Be
in the Ol5 center-of-mass system. This figure represents the energy
M

group, 5 < Eg 7 < 7 MeV. The center-of-mass cut-off is 529581,
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Fig. 29. = Angular distribution of Be7 from the Clg(HeB,Be'?) reaction
in the O:L5 center-of-mass system. This figure represents the energy

group, T EBC§7 < 9 MeV. . The center~of-mass cut-off angle is LL9025' .
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Fig. 50. Angular distribution of Be7 from the C:L (HeB,Be7) reaction
in the O15
group, Egz7 > 9 MeV. "The center-of-mass cut-off angle is h?ohO'.

center-of-mass system. This figure represents the energy



'throughout this analysis is. to fit-all the data’'at all He

'more detalled 1nformatlon, these mechanlsms are assumed to produce Be'!

.2 , ,
_forward dlrect;on. (See Sec V.-E. ) S S R

tion data shown. in Figs. 2730 "The two lower. energy Be

is greater than the veloc1ty of the Be

: IV ANALXSIS OF EXPERIMENTAL DATA
A Analys1s of the Clg(He5 Be7) Reactlon at He3 Bombardlng

Energy of Approx1mately 30 MeV -

1a 1. Tlttlng of the act1v1ty proflle in. tne sanqw1ched thln target |

ezgerlment , : . )
"~ The nearly 1sotrop1c dlstrlbutions (Flgs. 27~ 50) contrlbute much

more to the total Be7 productlon cross sectlon than does “the hlgher energyr__".

Be contained in the forward peaks (Flgs. 29 -30).  The approach taken -

B'bombardingng
energies W1th compound -nucleus-type mechanlsms.: In the absence of .

7 -

“isotropically in the center of-mass (CW) system It w1ll e seen that i

| all the data can be flt using this model. It is never necessary,uo_t., :

1nvoke any s1zable fractlon of the dlrect 1nteract10n process,.

He5 He (cluster) LLBe7 which presumably gives energetlc Be7 in_the:
. The key for the analysis 1is the double dlfferentlal cross sec—i

7 groups in the
oL’

center of—mass ‘system (Figs. 27 and 28) are assumed to' be 1sotrop1c,'

and the two hlgher energy groups (Flgs 29 and 50) are assumed to be -

composed of an 1sotrop1c contrlbutlon and an additional forward-peaked

_component. (See Table IX. ) -

- The amount -of. the very lowest energy group, EB 7= = 1-35 MeV 1s"

- difficult to obtain from the double. differential cross sectlon experl-:

: ment because. the ve1001ty of the center-of-mass in the laboratory system

T

in the center of-mass. The

contribution of this energy group was estimated using the data of Flg

18 (sandw1ched thln ‘target recoil experlment) by a procedure described

in the following paragraphs.-

The Be7 act1v1ty in dndividual up— and downstream catcher f01ls'v
can be calculated for thin target type experlmenus using a vector model
prov1ded an assumptlon 1s made regardlng the center- of-mass angular dls~
7' 7 ;nvthe

tribution of Be Also the range energy relatlonshlp for the Be

caucher foil materlal must be known



-65-

| ‘Table IX. Relative améunts of the Be7 center-of-mass energy groups as
determined in the double differential cross section experiment.
CM . o , o
Eg§7 <EBe7>, Isotropic . Relative amounts
used in contribution , of different
analysis : : groups
1-3 MeV 2MeV - (See text)  10.0 parts
3.5 . : - 8oy® . B
5-7 6 | 516° e
7-9 8 | 514° 3.2
> 9 10 | L 1.0 >
%Average of the ordinates shown in Fig. 27.
bAverage of the ordinates shown in Fig. 28. o It
CAverage of the three wide angle pieces of data shown in Fig.v29. 1

@Average‘

of the

two wide angle pieces of data shown in Fig. 30. -
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peaking in the calculated act1v1ty proflle would slightly- ralse the

e e e e s

-66-

Flgures Bl 35 show the calculated laboratory actlvlty proflles-f»f.

3for an 1sotrop1c (M distribution for- the energy groups EB 7= =2, b 6

8, and 10 MeV. The range-energy relatlonshlp used was RB 7= k(vel)B 7 B

’ The Justlflcatlon for this approx1matlon is 1ncluded in Appendlx I,
' together with the derivation used to calculate the following act1V1tyfh"

- profiles. Because the calculations aim to reproduce the experlmental

activity profile of Flg l8 the nlckel catcher foil thlcknesses used

 in the calculated proflles are the same as those usedlln the actual-

‘experlment

Formlng a hybrid of the Flgs 31-35 usingvthe'relative weights.

' of the different energy groups ‘as indicated in Table lX and a531gn1ng

a relatlve weight of 10 for the 2 MeV CM Be7 energy group, the exper1~vﬁi

mental act1v1ty proflle of Flg 18 is reproduced in Flg 36

,The small percentage of BeT.appearlng in the forward peaks of.

"Figs. 29 and 30 is not’included on Fig. 36. Inclusion of thls forward . -

activities in the last two downstream catcher f01ls. N '
Thls treatment has assumed the relatlve amounts of the energy '
groups are known Tt has also assumed CM 1sotropy, a zero thlckneSS'

target, and the range energy relatlonshlp RB 7= k(vel)B 7 over the

. entire energy range These last three assumptions are not completely-

-correct.

A 51m11ar calculation using calculated act1v1ty proflles for. a‘“

l/31n9 angular ‘distribution was tried in order to see how well the o

4; experlmental act1v1ty proflle would be reproduced The calculated .
' 1/51nGCM profiles are peaked forward and’ backward in the laboratory
-Adding up the proflles weilghted accordlng o Table IX glves a calculatedv

profile whlch is also too strongly peaked forward and backward when com-

'Dared to experlmenual



-67 -

0.6 | { I 1 I
w
5 = -
£ < g4k o Nickel catchers |
O C * o
= 3 [
T =
()] | .
5 2 0.2F ]
- =
€ 2
O
8 ~ O i 1 1 1 1
-4 -2 @) 2 4 6 8
Stack thickness (mg Ni/Zcm?)
MU-34514
Fig. 31. Calculated activity profile for Be! from Cle(He5 ,Be7)

reaction. E%&e%) = 31 MeV and Eg;? = 2 MeV. The maximum Be7 labora-

tory energy is 9.8 MeV.
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Fig. 32. Calculated activity profile for Be
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Ni catchers

i 1 1 1 |

-2 0 2 4 6 8 10

Stack thickness (mg Ni/cm?)

MU.34515

T trom Cle(HeB,Be7)

reaction. Eézg = 31 MeV and E§§7 = 4 MeV. The maximum Be | labora-

tory energy is 15.7 MeV.
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Fig. 33. Calculated activity profile for Be' from ClE(HeB,Be7)

la CM,
e

reaction. Ll{eg = 31 MeV and B T = 6 MeV. The maximum Be' labora-

tory energy is 17.1 MeV.
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ig. B4. Calculated activity profile for Be' from C (He”,Be')

reaction. E%Z‘% = 31 MeV and EBCI;['Y = 8 MeV. The maximum Be7

tory energy is 20.2 MeV.
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7 from ClZ(HeB,Bé7)

reaction. Eéa? = 31 MeV and E§M7'= 10 MeV. The maximum Be7 labora-
e e

Fig. 35. Calculated activity profile for Be

tory energy is 23.6 MeV.
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Fig. 26. Comparison of the calculated Be7 activity profile with experi-
mental data for the C (He ,Be7) reaction at a bombarding energy of

%1 MeV. The shaded area represents the contribution from 10 parts

of the 2 MeV energy gr'oup. ther Be? cM eheréy groups are weilghted

accord:.ng to Table IX.

-
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) 2. Calculatlon of Be7 angular alstrlbutlon for the C 2(He ,Be

-

Reaction (for Eé 3 = 31.2 MeV) .

For a given CM energy and angular distribution, the laboratory

distribution of Be7

can be calculated using 51mple equatlonsu? or by
using tables computed expressly for this purpose '

" In the calculated curve (shown as the dashed curve in Fig: 37)
the relative weights given to the Be7 (M energy groups arefthOseuofnTable'
IX.' Cehter—of—mass isotropy vas assumed; The small fraction of the

activity appearlng in the forward peaks of the 8 and 10 MeV groups (Figs.

29 and 30) is not superlmposed Their effect is to raise the calculated

distribution at small laboratory angles out to approximately 17 deg.

(cos@ = 0. 96) o _ , , -

.The reason for the promlnent shoulder at cosG O.6uis that the

.2 MeV group is weighted so highly. It is probable that if the relative

.welghts of more energy groups were known, the calculated curve could be

smoothed out considerably. ' : ' o

7

rec01ls forward and backward from

%:g = 30.1 MeV.

Details of the calculations are supplied in Appendix II.

3. Calculatlon of Traction.of Be

2.48 mg per cn® target for the o (He }BeT) reaction (E

For forward laboratory recoils, the 2. 48 mg C per cm? target is

of "intermediate thickness' ; meaning that the maximum forward range of

Be7 recoils in the laboratory is greater than the target thickness. For
backward laboratory recoils, the target is "ihick". Here a: Mhick"
target is one whose thlckness is greater than the range of the recoil.
Table X shows the calculated values for 'F and B which are used to
reproduce the data shown in Fig. 1k and Table II. The amounts of the
CM energy groups have been welghted accordlng to Table IX.

The results of the calculation and the comparlson w1th the experi-
mental data are as follows.

= 0.51 0.006

Fcalc; ; Bcalér
4 I .'
Fops. 0.49+0.02 B e,

The fraction observed to remain in the target is 0. 50%0.05 and

It
1l

0. 011+o 001

the calculated value is 1.00 - (0.51 + 0.01) = O. u8
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c'? (He3,Be’)

(arbitrary units)

.~ —— Experimental
|5 - TSm-—N - e Calculated -

(do/dﬂ.)lab

O ! | ] | ] | L I | | -—r=
O 08 06 04 02 00 -02 -04 -O06 -08 -I1.0

Cos 9|°b

MUB-3183

Fig. 37. Comparison of the calculated angular distribution with the
experimental curve for the reaction Clg(HeB,Be7). The bombarding
energy was 31.2 MeV. The continuous curve is the experimental
angular distribution. The dashed curve is calculated assuming iso-~
tropic CM components welghted according to values presented in
fable IX. The calculated curve is normalized to 2 at a laboratory

angle of 90 degrees.
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o » Table X. Calculated values of F and B for v‘ario'us {ralues of EBCD:'?" The‘
v He5 bombarding energy is 50.1 MeV. Center-of-mass iso;t:gbpjr is assumed
for the Be | product.’ el
. EpeT . ‘ _ Foale, T Begie.
: 2MeV 0:hg® 0
oo o051 . 0.00076 7
6 - . 0.53 o 10.0075 -
'8 . ' 0.56 . 0.020
nTo 0.59 o o.0k ]
#This value extrapolated from the other fo_ur\falues.
i
i
]
E{
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~.v1;h.,vCalculatlon of fractlons forwara and backward for other targets of -

1ntermed1ate thlckness" for the C 2(Hej,Be7) reactlon (EU- =30. 4 MeV)

2L \;/

a. Target of - lEO mlcrograms C per cm?. In the analy31s us1ng Flgs

’v)l 35, the actlv1ty proflles of the varlous up and downstream catcher

- foils were calculated assuming a ‘zero uhlckness target In Table XI,

t;F B, and T are calculated for a zero “thickness target and then for a
“target of 1ntermed1ate thickness” (120 mlcrograms/cm ) -Center‘of-mass

1 N

.'1sotropy is assumed for the Be product The range of: Be is_assumed'to
. be proportlonal to” energy ' ' ' _ o -
_ Except as indicated by the notes a and b, the Values glven in
lable XT were calculated u51ng the equatlons of Wlnsberg k2 All eaua-m
tions used were for thln" (thickness = 0) targets or for targets of -
: 1ntermed1ate thickness" except that used for: the B value 0. 0157 For :
this energy, the 120 mlcrogram target is "thlc - for backwardvlaboratory- -
:rec01ls R ' e L i .

1

When the relatlve amounts of the energy groups are taken from
‘Table IX the results are as follows ' '

l Infinitely Thin Target'Vf Intermediate Thickness'_3 Observed values L
. F=0.92 .. - _F '= 0.85 o " F = 0.850.03
B =0.08 . ..B o 0. 059 B »»0.111:0.01_1" '

[
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Table XI. Calculated values of F.énd-vior Yarious'values of-Eg§7:A
The Hed bombarding energy is 30.4 MeV. .
| Eg;lr( Ini"inite’ly.thin terget Iﬁtermediate%ﬁ;ithiékness:.target
_ Fo B F B
2 MeV 1 0 R 0.900% 0
I 0.926 0.07h | o‘.8§+5b o | 0.0157
6 0.848 0.5 ~0.82k . 0.125
8 0.800 ] 0.200 - ,'6.781 © 0.180
S10 0.768 o0.232 0.758 . 0.220
.

PCalculated with equations in Appendix II.

3aﬁy extrépblation of the other four points.




. B in the last sectlon indicate that it is a rather -poor approx;matlon

=78~

b Tarvet of 270 mlcrograms C per cm2. Thé ealeulaﬁiohs’of F. aﬁd‘ :

to assume a target of 120 mlcrograms/cm2 is 1nf1n1tely thln. Better

" calculated values of F and B are obtained 1f_the_small"tergeutthickness Tlf A
is teken into account. ' - '

_Table XIT gives’ the calculated values of F and B for & target _f;a.

‘thlckncsc of 270 mlcrograms C per cmg. The calculaulons sre the same f': v
‘as_those outlined im the last sectlon (Sec. Ma) ' Date are given Ln,_JfZ‘V
Table VIIT. T ' o o

When the.CM‘energy groups are’weighfed eccording fe Table X, =

“the results of the calculatlon and- the comparlson w1th experlment are ‘

as follows = LT - ff4-}} o . j "1~115»~Tf;

F .. =o. 86 T o ohu

,~30bs._n 0.760. 03 E Veobs..} 0. 078 0. 006}




..79...

. - Table XII. Calculated values of F and B for varbioﬁs‘- fralues of Egl\ed 7-
' : ’ | The He” bombarding energy is 30.4 MeV.
M
‘EBeY. oo F . B _
L 2 MeV. 0.930% o
u 0.858" 0.0071°
6 0.803 - 0.0672°
8. 0.768 S 0.157
10 0.7kl 0.205 "~
. ®Value obtained by extrapolation of the other four points. .
Poaleulated with equations in Appendix II.
SThick target calculation.
|
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5. Energy distribution of'Be7 fromAthe>612(He3,Be7)7reaction'
o lab : o ' 3 o

Eq = %1.,2 MeV)V

The CM energy dlstrlbutlon of the Be7 is plottea‘in Fig. 38.
-Flgure 59 shows a similar plot where the abscissa has been converted fv 
vlnto a decay energy ' v ' '

The uncertalntles on the experlmental p01nts are taken to beb
ﬁﬁo‘fimes-the standard deV1at1on. ‘The square of the stanaard deV1atlon

=2
i*x)'

NI
S

n

Yx.

1

The values of X are.taken to be the welghted ordlnates of the 1sotrop1c

parts of Figs. 27 30. R ' ' o B f
: The values of 20 as a meassure of the uncertalnty reflect the

facts that the. exoerlmental curve 1ls drawn from a hlstogram and that

some averaglng had to be done in. transformlng the double dlfferentlal

cross section from the laboratory to the center- of-mass reference system.
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Intensity of Be” group (relative units)

Eger (MeV,c.m.)

MU-34520

TFig. 38. Experimental energy distribution of Be ! from the ClQ(HeB,Be7)

reaction. The He5 bombarding energy was 31 MeV.
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Intensity of Be? group (relative units)
o
!

O 4 8 2 16 20
Edecay (MeV,c.m.)

MU-34521

Tig. 39. This figure is the same as Fig. 38, except that the Egg7

. . CcM
abscissa has been converted to EDecay’



-83-

B. Analysis of the Cro(He”,Be'!) Reaction at He’
Bombarding Energy of 23%.8 MeV

Experiments performed with He5 beams dégraded in energy werev
. '.1_ " less detailed than those run at the meximum He3 energygdf 31.2 MeV
.-because of the difficulty invdbtaining intense, well-cgliimated, degraded
. ’ beams . . ' . v ; o
| | The experimental data for'the following analysis are giveh in
Table IIT and in Fig. 15, which giVe forward and backward recoilsdﬁrom
a sandwiched 2.42 mg C per cmg.target. Values for F and.B were célcula—
ted for the target uéing the energy groups EB 7=2, 3.7, 5. h and 7.1
MeV. (The ‘maximum EB ‘7 possible is 7.1 MeV.) The CM energy groups were
welghted by assumlng an energy dlstrlbutlon similar to that shown in
" Fig. 38.
' ~For F éalculations, the target is of "intermediate thickness”
while for B calculations it is "thick". The range of Bel is again
assumed to be proportional to energy. Calculated values of ¥ and B for
different Egy7 are presented in Table XITI. ’ ﬂ
Note that the values of F and B are not very sensitive to EB 7
and hence not very sensitive to the relative amounts of the different
energy groups taken for the calculation. The calculated values of F

and B, and the comparison with the experimental values  are- as’follows:

0.47

Fcalc. calc.

Fobs.

0.003

0.33%0.02 . B 0.0072+0. 0004

obs.

The calculated fraction remaining in the farget is i-(O,M? + 0)

=_O.53.' The observed fraction is 0.66 * 0.0k.
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'Table'XIII. Ca¢culatea values of ¥ and B for varlous values of ECN7

'ff - .. o ‘ " The He5 bombardlng energy is 23.8. MeV

I - EBe_7

2 MeV. f:;_‘ 0.  ;  ‘-}27 o
5.7 I A e
sk om0

aExtrapolatéd from the other three points.




in TFig. 40 is normalized to the exnerlmenual Be

group is considered.

Pomvarding Energy of Avproximatelyv 15 MeV

1. Czlculation of activity profile for target of 227 m crogramns C per

cme and average kvj o*nbﬂramrT onc-hv of 15, 23 eV

The data for this experiment are given in W°ole VIl and in Fig.
It wus found by trial and error that a single.CM Be7 energy
group of Ep 7 = 1:52 NcV will reproduce the data. As usual, CM isotropy
of Be' end Ry 7 = f(VGl) o7 .is assumed. TFor purposes of this calcula-

tion, the uarget is as umed to be 1Pf1“_tely thin and the treatment

outlined in Appendix I is used. The ca7cu7ated activity profile shown.

7

activity. =~ > ‘

The relauloﬁsnlb RB 7= k(velJB 735 approximete here because k'
is not a constant, but is varying at the rather low laboratory Be'
Lﬂe”éLC° ﬂﬁcouhtered in this'exper riment. (See FPig. L5, Appendiy I.) If
the variation of k is taken 1nto éécount using Rp7 = n(vel) o7 * Constant
or Ry 7 = [k + Cﬁ‘u ‘2337) ] (vel) 7, where the constants are evaluaued
?ro ~the ranve—energy curve, the experlmentul activity profile can- also

be ‘1t ed satmsfa*“o“lﬂy

'

2. Calculation of 1“racL,:Lonc‘ forva*d and backward

ﬁc)

a. Targetvof 227 micrograms C per ch lab ) 15.2 NeV) The data
ere given in Table VII and in Fig. 19. S

-~

To- calculate F “, the equation in Apbendlx II for an 1ntermed1ate

thickness" target was used. For calculation of B, the target is "thick",

]

and'the-equaulon of WLnsberg42 was used.. Only the 1.52 MeV CM Be7 energy

0. OOOO6

]
1l

'Fcalc, 0.83

uF

Eqalc.

0.81:0.08 "B 0. 019+o 002

Obs. ‘ N obs.

1
p
[




-86 -

600 T | I 1 I I ! 1 . I 1 [ | | I

C'2 (He3,Be")

16}

o

®)

l

—
o]
=
Qa -
T

—~He3 beam B

IS
O
O

|
cammahd

<«—Ni catchers

ol
o
o
l

: Experimental
200 - o | ----- Calculated R

100 .

O
m

Count rate/thickness (arbitrary units)

|
D

|
N
O
N
N
o)}
@
o
N

Stack thickness  (mg/cm?2)
MUB—-3178

7 activity profile with
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experimental data for Clg(He ,Be7) reaction. The He” bombarding

energy was 15.2 MeV.
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b. Target of W17 micrograms C per cm® (<E§z§> = 15.0 MeV). The data

*are given in Table VIII. Calculationsare the same as in Part a above.

]

0.78

&
i

B 0.00006
calc. . .

0.72+0.0k - B

= 0,008+0.001

=i
]

obs.

c. Target of 2.U8 milligrams C per cm® ( (E-o2) = 1.6 MeV). ‘The
. el

- data are presented in Table IV and in Fig. 16. The target is "thick"

‘for ¥ and B calculations and the eguations of Winsbergugwexé used. The

energy of'Be7 in the CM systemwas taken to be 1.50 MeV.

= 0.28 B

F - = 0.00002
“cale. calc. - ‘
F = 0,21%0.02 . B - = 0.001k+0.0001
obs. obs. _
b
12

4
(He),BeT) Reaction at an Average

D. Analysis of the C

He” Domber?ing Epneray of 10.3 MeV

The data are given in Table V and Fis. 17. Calculations for F
and B use the equations of ‘/\T:'Lnsbergu2 for "thick"” c.rgets. The Eg§7'Was
arbitrarily assumed to be 1.0 MeV. The results of the calculations and

. the comparison with the dafa ére as follows: ‘

0.000002

Fcalc. 0.22 Bcalc.

78 :
Fops. = 0-0780.005 B

1l
i

0.00L+0.00L
obs. )



‘Be7 and from the large fractlon of Be

i‘of-mass 1ootropy is also- assumed for the Be

88

'E.i Analysis of the Al 7(HeB,Be7) Reactnon

Several thlck target reCOll experlments vere performed in order

ﬂnﬁ_to study the A127(He Be7) reaction mechanlsms. In these runs, the .

tblck targeus were. sandw1ched between thlck catcher fomls._ Addltlonal

*-f01ls were included in the stack to serve as blanks to determlne the j,--*
cmall Be7 activation in the catcher fomls.,‘The Be7 actlvatlon in thell

© thick catcher foils on either side of the target'vas’taken'to be the

same as'that in neighboring'blank foils.. The data are presented in a

3

. Table I. lhe Ale7(he#,Be7) excltatlon funcblon is ‘shown in Flg. 3.

A dlstlnctlon 1s made between the mechanlsm by Wthh Be isv'

30

evaoorated from the compound nucleus of P7" .and dlrect 1nteractlon pro=

cesses.. The two types of mechanlsms are expected to have diffexent

: re001l propertles and, w1th some assumptlons, the thick: target experl—:v-"d

ments v1ll dlscrlmlnate betveen the two types of processes. The ex1stence

of a compound nucleus mechanlsm is inferred from the presence of backward

7 produced vhich remains in the n b

R

target. The dlrect 1nteractlon part will be apparent from the dev1atlo£

‘of the calculateéd compound nucleus re001l propertles from the experl—

mental rec01l properules..

‘For the compound nucleus mechanlsm, it is assumed that all the
Be7 produced has a center of-mass kinetic energy equal to its Coulomb '
barrier energy (8.9 MeV). 1In the absence of further 1nformatlon,-center-§'

7

, as is the relatlonshlp

»RB 7 = k(vel)B 7. The Justlflcatlon for the use of thls range- energy

- relationship is given in Appendix I. With the range-energy curve for- -

-~

Be(_in aluminum, which was calculated from the experimental curve for

Be9 in aluminum59 and the factor 7/9, and the equations of Winsberg;u?-'

it is ‘possible to Calculate F, B, and T for these thick target recoil’

experiments.

In order to have a model for the direct 1nteractlon processes,
it is. assumed that the 1nc1dent He5 plcks up an alpha particle and the
7 and Na25 |
assumed that all of the Be

resultlng,Be are formed in their ground states. Itils-alsov

[

_thus formed goes directly lorward.'
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- As an examplelvthe first set of data given in Table I is examined.
TFor this run, the target thickness was 7.34 mg Al per em® and’(EHQB) =

2L.56 MeV. On the basis of the compound nucleus model,

0.7k F.. =o0.21.

= 0.055 Tcalc.= calc.

calc.

On the basis of the direct interactibn modei, 98 percent of the

Be7

escapes the target (in this case). Presence of direct interaction
Be7 then will not be apparent in the experimental (T/B) ratio, but will
ffect ratios in which F appears. Experimentally this is observed to

be the case.

1h.0£1.2

]

(T/B)calc.
(7/1) .

The assumption of 9 percent direct interaction and 91 percent

1k.0 (1/B)

obs.
0.42+0.0k.

"
]

calc. 0.28 (F/T)obs.

compound nucleus mechanism will account for-the observed recoil pro-
perties. ‘

v It is possible to take into account a linear yariation of cross
section across the target in calculating I, B, and T,)but the results
do not change much for most target thicknesses. 'For the two thickest
tergets used (Table I), the variation of cross section with target
thickness was taken into account. l

Calculations similar to the one just outlined were performed for

fhe other recoil data. The calculated percentages of tﬁe two mechanisms

listed in Table XIV are consistent with the data.
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- Table XiV. Results of thick target re001l experlments on. the.
| . 27(p95 ' L :

,Be7) reaction mechanisms.
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curve for Be

ingthe range-energy curve in the direction indicated by the available
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V. DISCUSSION

A. Qeneral .
Although a limited amount of data has been obtajned for He3 and

HeLL excitation Tunctions with various targets, the main emphasis in this
work has been the study of the ClQ(HeB,BeY) and AlQY(HeB;B¢7) reaction
mechenisms. First, consider the Clg(HeB,Be7) system.

It has been seen that the experimental récbilvdata on the

12(-v b)

C He ,Be7) reaction have been fit over a range of He5.ion energies

Cup to 31.2 MeV. The model chosen has used isotropic Be7 energy groups

. 1 ) . \ , .
in the O > center-of-mass system. Since most of the data are not sensi-

-

tive to the small fraction of the total Be! contained in the forward
peaks (Figs. 29-30), the peaks have not been included in the model.

In no case was the calculated value for ¥ larger than the experi-
mental value. The calculations depend.directly upon the range-energy

T

in carbon, and there 1s evidence that the curve used

7

overestimates the Be' range for a given energy (see Appendix VI). Adjust-

range~energy data_has the effect of bringing the calculated values of F
toward the experimental values.

The calculations of B are not expécted to be very accurate
becausé they depend on the relationship Ry 7 = k(vel)§e7 in a region
vhere it may not be applicable. For B calculations the true range of
Be7 is probably larger than that estimated with the formula above. (See
Appendix I; Fig. 45.) The effect causes calculated values of B td be
smaller than the éxperimental. This i1s observed in all cases except B

lab
{

calculated for a thick target at EH65> = 10.% MeV (Sec. IV.-D), and

this invelved other approximations.

For the proposed direct interaction (DI) (see Sec. V.-E), the

is much larger than F

Be7 is very energetic and F .
v enere " compound nucleus

oI

" From the calculation in Appendix V, it is seen that at He? bombarding

7

energy of 30 MeV, the DI Be oproduct has a maximum forward laboratory

energy of 23 MeV. There is assumed to be no backward Be7 oroduct. If
the DI Be7

goes directly forward, F = 1 for many target thicknesses, and
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'

for all the data taﬂen at b%e = 30 MeV Hence an'appreciable'fraction
of DI, if present in uhe reaction mechanlsm, would raise the experlmenual,

values of F well above the calculated values. Thls was never the case,

5

. up to the maximum He bombardlng energy of 31.2 MeV.

Cons;deratlon of Q—values and cla551cal Coulonb barrlers

 (Append1x VII) for many reactions leadlng £o the formatlon of Be7 1nd1—‘:”
. cate that_BeY_can most likely be_formed from the He? + C system in ‘;z ;

Fv

- four ways:

015]*- e 8

2. QHS; * 6‘3,125 [8015_].'* =% ‘f‘»[écE T
S VP  E T Ce L
 5.t.2he‘ + ¢C "= Hgv-+_[6c ]

..h; >2He§ +'6012,- yBeT + ; (DI) | ',.-' IR S

- These Wlll be dlscussed in turn The Al 7(He ,Be7)vfeéCtion:is*;'7l”'

discussed 1n‘Sec. v.«af_”

N T R A L :
B. The He5'+ Cl? = 015] = Be7 + Be8 Mechanism,
i 6 8 -k Ly :
Formation of Be7 by this mechanl m occurs by the break-up of

the complete—xus1on compound system. . At the exc1tatlon energles en- -
.cOuntered in these experiments, this "evaporation” mechanlsm Would
-hecessarily'proceéd.throughva limitéd number of Suates;" These are

. 1isted in Table XV.
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Table XV. Possible states through which the Ol5= Be7+ Be?_step may
proceed at a He? bombarding energy of 30 MeV. The excess excitation
energy of the compound nucleus is 18.30 MeV. The Coulomb barrier will .
suppress those channels where the total product kinetic energy is less
than approximately 4 MeV. The level schemes for Be anq‘Be8 vere taken
from Ref. U3. ' : '

Excitation energy - Bxcitetion energy Total kinetic

of BeT : ‘of Be® energy of products.

(MeV) : - (MeV)  (Mev, CM)’
0 : 0 18.30

o 2.90 15.40

0 11.40 ' 6.9

0 16.08 222

0 16.63 : 1.67

0 116,94 ' ‘_\ 1.36

0 17.6k4 - 0.66

0 : 18.15 : . 0.15

o3 0 - 17.87

0.43 o 2.90 - 1k.g7

0.43 S 11.h0 : ' 6.47

0.b3 16.08 S 1.79

0.3 16.63 L2k

0.43 - 16.94 - _ 0.9% '
10.43 ' 17.64 0.2%
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EThe'Alz((p,Be7)Ne2; reaCtion has‘been studied by Lindsay and _
.Neuzil MQ The proton bombardlrg energy varled from 27 to )7 5 MeV The

Sueps in the reactlon are as follows

28

27 - L28 .o
pogp®e 3P a6 |
28 7 el e B
lll-Sl = )_LBG + lOI\Te T Q = -51.5 MeV
e plab_ 28 ' )
At Ep 30 MeV, the excitation of the Sl _ compound nucleus is hO 6

7

- MeV. At this bombardlng energy, the cross sectlon for Be, formed by

evaporation from the compound nucleus is approx1mately lOO mlcrobarns f'
:and r1s1ng raplaly Magne51um vas also used as a target by‘Llndsay and
'heu21l and the compound nucleus cross sectlon is comparable to thelr
‘results for aluminum. ' ‘ e

| The A127(he 7)Na reactlon has been studied by Porlle3 at

& bombarding energy of 40 MeV. The steps in this reactlon are " -

R 27 _ s
el r A= P
' S 5 R CI ) .
.y =By WS Q= 2518 eV
Lol "

At an alphs energy of Lo Mevg the excitation energy of the P~

L a=s My

]

compound jq
nucleus ‘is 44.5 MeV. At this. bombarding energy,'the'compound nucleus

cross sectlon is approxunauely AO mlcrODarns and is.rising. rapldly

>

By‘way of comparison, the C (he Be7)Be8 steps are glven here

3. 12 15 -
2he + 6C : = 80 ,

15 = .uBe7 + uBe8 ' ."LQ_

Q = +12.1 MeV

0 ~17.8 MeV

8
At He lon energy of 30 MeV, the ex01tat10n energy of the ~compound nucleus
of 077 is 36.1 MeV. | | |
It is not lmown how the ”eVaporation” of'Be7

from the'compound nucleUS of Si28 or P31 to that of the low mass O
1

changes in g01ng

15

: 8 . »
Formation of Be7 (and of Be , leaving a Be re51aue) may.ioceurl, r orourE,




~95=

© but aréuments will be presented in Sec;.V~-F to'show that the Olj =
Be7'+ Be8 cross section is not a maJor fraction of the 57 nb
12(He3 Be7) cross section at a bombarding energy of 20 MeV

‘,

7 N
a2 + uBe Mechanism

In this process the compound nueleue of excited 015 evepofates

7 .

 two alpha‘particles and leaves a resi&ﬁeeof,Be ;“_The_Q-values'for-ﬁhei

steps are’ 5
3 - 12 15 o |

‘ 2He + 60 = 80,' ‘ Q = +12.lvMeV L

15 b 11 L |

8O Too= e 4+ C S Q _k-10.2 MeV
R & AT 7 - g

6? = 2He + uBe Q =~ T7.5 MeV | 'h

. This should be a favorable process because alpha emission com- ?,

k5

“petes favorably with nucleon emission from highly excited systems.

This is espeeially true because the Q-values for proton emission ‘and

15 ana oM are comparable. (See AppendixQVIi.)

T

alpha;emission from both O
It is possible to calculate an energy distribution of the Be
residue in the O15 center-of-mass system. In the calculation it is
assumed  that alpha emission carries off the entire excess compound
nucleus exéitation energy, and that the alphas come out isotroﬁically
from their respective parent nuclei. The qualitative'reasoning ofvthe
calcﬁlation is this: The emission of the first alpha will take place -
at low energy, near its Coulomb barrier;rwith the highest probability.
This leaves the second alpha. to .be emitted w;th a relatively high energy ‘

vfrom the excited Cll, giving an energetlc Be re51due. The calculation

is performed in detall in Appendlx III.Y .



'nucleon would leave the Cll in a high state of excitation_becausezmr s

to complete fusion of the target and projéctile.

=96~
D : -éhe D + 012 = ge® . [ vans il
e ARepie Tg e+ g L o
' >0 + ) Be -Mechanism - -~
' Accordlng to’ thls mechanlsm, “the HeB.extracts a neutron from
C;g,uleav;ng anAeXclted Cll.' The Cll then emlts an alpha partlcle and ﬁ

~ leaves a Be7'residue.

‘Neutron transfer reactions have a relatively high cross section.-

Y(See, for example, Kaufmenn and Wolfgangh6 or Catala, et al. 47) However,

since heavy ion reactlons are very predomlnantly surface reactions, - -

nucleon transxer to the ﬂe5 from the C12 surface Wouldrmm leave the

12

'_'C in a state of exCLtatlon hlgh enough to cause subsequent alpha-

‘evaporation. (The binding energy of an alpha particle in C L is 7.5

MeV. ) The neutron transfer would be tantamount to remov1ng the. top— '_
most neutron from a shell model c 2 and léaving the remaining ¢ con-+

flguratlon undlgturbeq, to a first approx1matlon. Remdval of an inner

nucleon in C 11 1s approx1mately 16 MeV more tigntlv bound then a .p - M
nucleon,,br8 but a surface reactlon would. not remove an inner nucleon.i' i
Attemnts by He5 to remove an inner 012 neutron would most llkely lead

: It is p0551ble_that in the neutron transfer'from Cle,,the Cll,.,.‘
core becomes excited enough to allow ejection Ofvan-alphaf However;'the
cross section for this hlgh excitation is probably low M?

.There are other reasons that 4'heBe? Cross sectlon for this

" mechanism would be low. If alpha emission did oceur from the highly,v

excited Cll nucleus,.the Be7 residue in most cases vould necessarilyt

retain sufficient excitation energy to cause its subsequent break-up.

.Furthermore, if-the-highly excited Clllwere.formed,,the alpha evapora-

tion process leading to Be7 would have»compétition from proton emission.
This is the case because the Q-values plus barrier heighté for emission

of alphas and protons are within a‘few percent of each other. It is

also possible that since Cll'is not a particularlv_good "alpha particle -

nucleus"”, proton emission would be favored.

To a first approximation, it vould be expected that after a

11w

neutron transfer, the C spectator nucleus would remain at rest 1n
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the laborauoLy frame of reference. Ejection of a given energy alpha

7

from a stauionary nucleus will then 'give a square Be acti#ity distri~

bution as the activity profile in the_catcher foils of the sandwiched

. . b '
target recoil experiments. 9. (See Appendix IV.) DNot even an approxima-

tely square laboratory distribution was seen in any of these experiments.

r

It is assuned that Be( production by means of this mechanism

is reiatively low.

> ~2 !

E. The 2He_ +‘6C o= uBe + LLBe8 Direct Interaction Mechanism

In the direct interaction (DI) process envisioned here, the He5
plucko a preformed alpha cluster from the C 2 nucleus, forming an

7 -
energetic Be' product and & Be residue. The Be( would be peazked in the:

forward difection,5o and the peak would be broadened by the momentum.v_

5

distribution of the élpha particle within the C12 nucleus. Another
characteristic of the DI cross section 1s likely to be an increase’ in '%.
magnitude with bombardlng energy. '

" There are experiments which indicate that alpha clusters.do
= = .
21392 one estimate of the mean life of

~25 25

an alpha in nuclear matter is 4 x 107 “sec. Tn view of this work, it

have a real existence in nuclei.

is not unreasonable that the ClQ(HeB;BGY) "alpha Dick—up" reaction '
would be enhanced over a reuctlop in whlch any four nucleons are trans—
ferred to the progectlle.

It can be calculated (Appepdlx V) on the basis of this DI model
what tﬁe maximum expected Be7 center-of-mass energy would be. The cal-
culated value of 10.4 MeV is in good agreement with the experlmental
value. _ A .

An interpretation for the energetic and forward-peaked Be7
(Figs. 29 and 30) is that such Bé7 is formed by a’diréct interaction
process. . If this is the case for the "10 MeV CM group“ the Be7 formed
would be in eithef its ground state or its only bound excited state at
0.131 MeV,5br

and the Be8 in its ground state. The first excited state
of Be8 isvat 2.9 MeV.

P
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This model assumes tha* Be8 remains as a spectator nucleus after .

the cuaol—alpha is pluckea out of the- 012 : The half- llfe of Be8 is on .
une order. of 10 f6sec .5 50.1i%t is 30551016 to consmoer the Be8:as'aztfue
opectator in the much faster DI process ‘ R ': v ‘f
- If one looks only at the most energetlc DI Be7 product thenfo-l
the reactlon is as PollOWS _ =
o EHe ...:'-+_ - g0 = “.hBe‘.., +:_‘vu3eox_ S

o 1/2 % 3(g.s'.).‘v*.:_ 0 + (g.s.) _5/2 _;;-,.(g.s.--) - 0+ (g.s‘.)i'_,'

(or. 1/2 - at 0. h)l MeV)

Thé following treatmeht is 51m11ar to that glven by Bubler and

Criae o 56 L S . s
hlttmalr,5 . Let - .- o '” O R

"spin of HeB:

Hed L
g 7 =" spin of Bé7”
© " Be ‘ . _
Eﬁ> = 'ofbitaliahgular nomentum with which
v the alpha particle is received by Hed
Sa - =, spin of the c?ptufed élpha o |
Then,
A IgeT = Ine3 +_%3 * 5y
o ‘_‘_b v =~ ~ |+ __
(JﬁQB f JBe7) >' La;> lJHe3 'JBe7IA,'
‘(1/2, +35/2) 31, [1/2 - 3/2] I, =21
Or:-for the excited state of Be7
(1/2 - 1/2) L |1/2 - 1/2] I, =1,00

By conservation of parity, %j = 1, and Be7 is regarded as



Y

7 n,\'

- =99~
T T
2He | + 2He = : l‘LBe .
=1/2  §=0 J =3/2 -
i i B
L=1 = 1/2 - in the exc1tea state)

Tet the momentum of the incident He3

beiii;e5 and the momentum .
of the oﬁtgoing Be7 be 1 kBe7' The'magnitude cf the momentum of the

outgoing particle is given by énergy conservation and the scattering
: ~
engie ©. By momentum conservation, for a particular kBeY’ the captured

perticle will take into the nucleus a momentum 7 Q where.

g3 - l%e . '
- . . . . .
Q is a function of the scattering angle O and is smallest at 9 O deg.

-Classically the orbital angular momentum carrled into the initial

3y

nucleus (He”)

) by the captured particle (alpha) will be given by # Qio 1

\

where rO is an impact parameter. For the reaction to conserve angular
momentum and to proceed at all

Consider the data of Fzg jO The incident laboreatory He3

r‘\.—

energy is 31.2 MeV. Incident EH is then 20.0 MeV. The observed
CM '

vEBu7 10 MeV at zero degrees.

| R T - ~15 1/2
o3 = k3 = 17.86 x 10 (g-erg)
™ o ~ 15, a1fe
PpaT ks 7 = 19.29 X lQ. (g-erg)/“.
Therefore,
o 10715 | 15 .
Q = 9.59 A'lO - 9.15»X lo+¢2 om ;

1.05 x 10787
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- Teke for a’ reasonable 1nueractlon radlus (1mpacU Darameter) the follow—

 ing value (reler to Flg Ml)

-13

"rdj=»ABf='(1.5‘x 10° 15)(1 59 + 1 59) ~h.’"{"{ X 10 7 cm_
R <A;e><sm P )(2/5)
r =‘2.75 X lO— 5cm R ’ o ! N | ‘s .

ar, = (9.;3 k,lo+12)(2.75 2'10715);5 2.51.

ThlS assumed 1nteractlon radlus and Ehe experlmental value of
.
Q 1nd1cate that with: respect to conservation of llnear and angular

' momenoum, Ehe angular dlSurlbutlon can peak at o deg. ‘because

7
(@]
1l
o
Ut
=
\4
b

In fact, much smaller 1nteractlon radll can stlll meet the condltlon :
that Qr ’ L | o -
The peak width of the energetlc dlrect 1nueractlon peak may be
estlmated on the basis of a clas51cal model. _m 7 ' _
_ - The klnetlc energy of an ‘alpha cluster w1ll be smallest on the
' surface ol the nucleus where the direct aloha pick-up reactlon is most
likely to occur - On the bas1s of an alpha particle model of Clg,_the-

,fOllow1ng consefvation of‘energy'equation may be written:

!

Moo = 3M_ + 3V + 3T -
o e @ ¢ ~ V = potential energy =
Vv, + T, = Constant = ~2.43 MeV T = klnetlc‘energy

As the alpha moves toward the edge of the nucleus, V, is less negative

aﬁdf@a becomes less positiue,A It has also been calculated that the pro{

i bability of the existence of alpha clusters inside the nucleus is &~
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MU-34522

‘Fig. 41. Alpha cluster model of 012 for determining a "reasonable"

>

impact parsmeter for the He” + Heu(cluster) = Be7 direct interaction

mechanism.
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decreaolng Lunctlon of the energ gy of alpha partlcle motlon 1n51de the o
'nucleuSTY so that an alpha clusner exlsts w1th hlghest probablllty 1n
vthe nuclear surface. ' - 4

. ‘The kinetic enérgy of a surface alpha ‘cluster can be estlmated
" from data reproduced in Tlg 42. The formula (3% MCIQ)/3 = 2.b MeV
aliso ylelas a similar estimate. Kinetic energy calculated on the be51s '
of the Uncerualnty Principle is higher.’ R o o

: We assume tben that the chked up elpha Ciuster has é kinetic 5-
eﬂeng of appro wmately 2 MeV inside the C12 ﬁucleus. The veloc1ty

component of the alpha perpenawcular to the beam axls is then - If
L [(2)(E,) R O
| ‘Yz,"‘ jﬂjﬁ . ~.>;' "'_ S o

'wnere E is h/} MeV and E + EB 8 = 2 MeV.~ The Veloeity vectdr'diagram
shown in r¢g L3 can then te set up, and the approx1mate w1dth of the

most energetlc Be .can be calculated.,

sin 6 =:0.817/1.69 ="0.483
REEN--
eos 9 ;.0.87.1v

, The width of “the experlmental peak (Flg 50) is approx1mately
29 deg. . | | |
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Fig. 42, Experimental energy distribution of alphas inside the 012

nucleus. Reproduced from Samman and Cﬂer.58
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c.m.
o.8l7=v
o Qa

MU-34524

Fig. 43. Velocity vector diagram used to calculate the approximate

width of the Clg(He3,Be7) direct interaction peak.
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F. Separation of the Compound Nucleus Type Processes in the

cleiHe5.Be7) Reaction at‘gfab = 31.2 MeV
{e) ——tmio oo

At this point in the discussion, there are two compound nucleus

mechanisms which have not .been eliminated as being major contributors

2.
to the Cl_(ﬁeﬁ,Be7) cross section at 31 MeV bombarding energy. They
. 5 : : .
are: 1) the break-up of Ol) into Be7 and Be8 and 2) the evaporation

of two alpha particles from OlD to:leave a Be? residue. These two .

mechanisms will be discussed in turn.

15

1. The = Bel + Bed break-up

o

o

3

he_OlD compound nucleus will have a maximum angular momentum

of approximately 1l#. The average angular momentum will bé'approximately
In theitWo-bodyAbreak-up of O15 into 387 and'Be8, the maximun

- spin angular momentum of the products in any.of the open'decay channels

(Table XV and Ref. 43) is (3/2 + L) = 11/2.  This is for decay to the

ground state of Be7 and the 11.L4 MeV state7of Be8. Any other combina-

15

“tion of levels to which-0 decays into Be' and Ee8 will have a lower

vdlue for the sum of the Be7 and Be8 spins.

. 1 : '
Since the average angular momentum of the O 2 compound nucleus

T

1s greater than the maximum value possible for the Be' and Be spins in

the decay, the two products must have angular momentum in their relative
motion, if angular momentum is to be conserved. This may lead to forward-
| 7 59 | |

t .
backward peaking of Be' in the (M system.

The forward peaks in the angular distributions in the double
differential éross section expefiment (Figs. 29 and 30) for the higher
energy.CM groups are predicted either for the 015 = Be7‘+ Be8 mechanism
discussed in this sectioﬁ.or for the proposed DI mechanism which was dis-
- cussed in Sec. V.-E. The double differentidl cross section experiment .
therefore does nbt yield unambiguous in‘formafidn concerning the Oli = Be7+
Be8 break-up. ' ' | _

The result of the differential crossAsection experiment (Fig. 21)

shows no evidence of backward peaking. Since, by conservation of parity,



"1we1ghted 0. hlghly., For this CM energy, the Be

“106-

‘

compound nucleus products must be symmetrlcal about 90 deg. 'in the CM

y"_ the absence of a. backward peak ellmlnates the compound nucleus forward L

A1.peak.. The small fOrward peaks (Flgs.A29-30) in the double dlfferentlal

" cross sectlon are then attrlbuted to the DI mechanlsm

v"'x It vas s»ated that the o’ = Be7 + Be8 break-up may lead to j{
forward-backward peakmng of the Be7 29 Absence of forward~backward
“vpeaklng, however, does not completely ellmlnate this mechanlsm. it can
B be argued that only low partial waves contrlbute to- the Be7 production
7

s-and that they contrlbute in such & menner that the Be
15 o T
= Be

dlstrlbutlon will -

e 1sotrop1c. The energetlcs of the 0
~ gated next. . _ . o .
_ . The shoulder in the calculated angular dlstrlbutlon at cosG
_xO 6 (Flg. 37) 1s promlnent because the 2 MeV CM7Be7 energy_group was

is confined to a cone

 in the forward dlrectlon, in the laboratory system The laboratory cut-

-off angle is cos O 6. If, for example, a 1 MeV (CM) Be7 group is h,

Y
1

Vo

considered,-its laboratory cut-off (and shoulder) will appear at

7

cos@ = 0.8. Taking many discrete Be' CM energy'groupsvwill Smooth out

the calculated curve and bring the calculated curve into’ ‘better agreement‘:

‘with the experlmental_curve. (The DI Be7 is not 1ncluded in Flg. 57 The'af

laboratory:cut—off for the ﬁI Be' is approximately cos, 0. 96 )

7

In order to'bring'the calculated laboratory Be' angular distri-.

~ bution 1nto agreement with the experlmental .angular dlstrlbutlon, Be7 M.

7

energles below the Be

mately 2 MeV) must be aSsumed. Because the probability for Be7 tunnel-~

11ng through the barrier- of the compound nucleus 1s expected to be very S

asmall, Be7 at cM energles below approx1mately 2 MeV' is: not predlcted
for the O 15 = Be7 + Be8 break—up. "The presence of subsbantlal amounts
of Be7 below 2 MeV (CM) is an argument agalnst ‘the O15 [ Be8

= Be

- break-up mechanism. S

' 7 from~the'0

now examined; It 1s seen in. Table XV that the energy of the Be
[

_ln the 0 5 two—body break—up can vary w1dely. When the Be energles are

15]; Be7 } Be8 breaheup is
7 ,

‘The energy spectrum of Be

formed

+ Be8 break—up is 1nvest1— f-'

+,Be8 Coulomb barrler (Be7 (M energy of approxi~ .. . °

. . .
[ SIEE |

L

.

e e e pe— vt o Ao, o o

wr gy "
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calculated from: the 1nformat10n contalned in Table XV, it is seen that
Be7 cannot be formed with a CM klnetlc energy between 5 and T MeV. The

experimental CM energy distribution shows the presence of substantial

7

‘Be! in this energy range. (See Table IX.)

It may bé possible that the O15 = Be7 + Be8 break-up accounts
for all the Be7 energy spectrum except that at 5-7 MeV.  The only other
1 =

liKely compound nucleus mechanism for produclng Be', the ¢~ (He a 04 )Be

mechanism, would have to £ill out the 5 -7 MeV cross section. On the

ebaS1s of one model, however, the ot (He fx )Be7 mechanism does con=
tribute at 5-7 MeV and also contributes substantially at other CM
T

energles. (See next section.) Therefore, if Be from the

(He 3040 )Be mechanism fills out the 5 7 MeV range, this tworalpha

_‘evaporatlon mechanism must account for a large fraction of the total Be7v

formed.

On the basis of the discussion in this section, it is estimated

" that the 0% —'Be7 + Be8 compound nucleus break—up does not account for”'

7 5

the bulk of the Be formation cross sectlon at a He bombardlng energy gf
of 31 MeV.

2. The O15 =Q, +0Q, + Be7 mechanism

1 2

The model chosen for this mechanlsm assumes that alpha partlcles

are evaporated 1sotrop1cally from the parent nuclei and that all the

products (Ql,aE,Be ) are formed in their ground states.

On the basis of this model a square CM energy distribution is
predlcted (Appenq1x III) for the Be! when each alpha decay occurs at a
fixed energy. For the model where the first alpha is eJected with a

Maxwellian energy spectrum, several square dlstrlbutlons are comblned

e} that “the Be7 M energy spectrum peaks at a Be7 energy of approx1mately-
. 5MeV. (See Appendlx III for the detailed calculatlon )

If there are no preferred directions of emission for either of

the two alpha partlcles when they are emitted from the compound nucleus,

1 will Dbe 1sotrop1c in the. O15 rest. system

7

The experlmental Be’ energy dlstrlbutlon from L MeV to the max1—

' mum Be7 energy (Flg 38) can be fltted approx1mately by u51ng the

e e P . e e A e S A T e A Y b S A T e e T L1

.
.
ke
H
i
:
1
L
3
i
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v-;calculated energy d1s»r1buulon shown in Appendlx III, Flg. 50. ;heJ

L/ of the Be7 cross section which 1s»not fitted by the calculated curve -

appears at Be energies below 4 MeV. The presence of substantial-emountS'fi'

v'of»low energvae7 can be explained if both alpha perticles gre emitted
' in opposite directions from the compound nucleus. The 180 deg. anglei
of em15510n ‘between’ the two alphas (because of lower Coulomb energy) .

would - be expected if the alphas were-emltted "sxmultaneously" from the
o5, v .

7

-Tne Be7 energy spectrum and 1sotrop1c Be angular dlstrlbutlon
predicted on.the basis of the ClE(He ,OﬁQé)Be7 mechanlsm are cons1stent o
with the experlmental data. Since all of the other s1mple compound ‘
_ nucleus mechanisms for: produc1ng Be7

vcluded that" Be7

_of Bl MeV is formed malnly through the ot (He .o )Be (mechanlsm.

have been ellmlnated, 1t is, con—;f;

from the C (He3 Be7) reactlon at a bombardlng energy

l
R o 'Uy
G. The Al (He ,Be ') Results :
A study similar to the one performed on the A127(He Be7) reactlon;'

has been made by Porlle3 on the Ale7(HelL Be7) system. His results show
~ that at 4O MeV bombardlng energy, the react;on proceeds by approx1mately

equal parts evaporatibn'and direct interaction. The direct interectionf"

cross .section is then about hO microbarns at El = 40 MeV. The direct

3

1nteractlon eross section for the Al 7(He

T

Be7) reaction, while not the o
maJor fractlon of the Be'’ productlon cross section at the bombardlng B
energles studied, is still ‘approximately 100 mlcrobarns at EH = 30 MeV
In thick target rec01l experlments as vere performed by Porile
and in this work 'the nature of the direct 1nteract10n remains obscure.
One idea is that the incident projectile captures a preformed c¢luster .
from the terget'and forms Be7 directly. If this is the case, the direct
interaction cross section fcr (He5 Be7)'and (HeLL Be7) reacticns, at equi-
valent bombardlng energles, will be a measure of the amount of He " and
He 5 clustering in the target s nuclear surface.” The results of this
work and that of Porlle on’ elumlnum nuclei are consistent with the idea

3

that elpha clustering ls favored over He clusteringiin the nuclearv,f

surface.
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VI. SUMMARY'AND CONCLUSIORS -

Follow1ng a survey of some’ (He Be7) and (Heh,BeY) nuclear

vreactlon cross sections, & more exten51ve study was made of the

(He ,Be7) and A127(He Be7) reactions in order to elucidate their.

mechanisms. - In particular, it was sought to discover the importance of -

7

is formed when an incident

12 o 7

the direct interaction pfocess by which Be

He5 projectile picks up a prefcrmed'alpha cluster from the C

btarget 'The He3 + He (cldster) = 7 reaction could.then be used .as a.

.tool to study alpha clustering in any nuclear surface.

b

For the C12 (He ,Be7) reaction, the direct interaction process

was determined to be about 2 percent or 1 mllllbarn, of the total Be

b

T
formation cross sectlon at a He” bombarding energy of 31.2 MeV. > The
total Be‘7 productlon cr05s section at this energy is 57 mllllbarns

Three compound nucleus type processes may be important in ‘the

7 3

from 012 at a He bombardlng energy of 30 MeV They .

are.‘: ; R ,__  E “ | o o fh
A. He5’+'6cl2' =" 'Heu ll * - ;
L% 0+ )+Be

2
12 . [ 15] 4 7-

B. éHe5 +'6c + hBe8

12

15]* = a + [0

LF% a2‘+ hBe7.-

~ Experimental data on the C,lQ(HeB,oc)Cll reaction to specific

- 3 '
C't 2He + 6C [80

states of Cll indicate that the cross section for Process (A) is relatively

7

small. Because the angular and energy distributions of Be predicted for

~ Process (B) are not in agreement with the experimental data, the cross

section for Process (B) is also estimated to be relatively small. Elimina-

tion of Processes (A) and (B) leaves Process (C) as the most likely
7 T : .

Since angular and energy - distributions pre-.

-dicted on. the ba51s of a 51mple model of Process (C) ‘are cons1stent w1th

~ the data, it is concluded that Be from the ot (He Be7) reaction is

P T I U PN —

-
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' -formed‘mainiy by the‘Clsze5 R )Be7 mechanism at a He5 laboratory
" energy. of‘BO MeV.. At He3 energles below 30 MeV 1t vas never necessary

‘to invoke any large fraction of the dlrect 1nteractlon alpha plck-up
~ process to fit the -recoil data. - N

The results of the A127(He Be7) tthk target recoil’ eXperlments'*y

indlcate that at He3 bombardlng energles up to 30 MeV, Be7 evaporation

accounts for approx1mately 90 percent of- the Be7 productlon cross sectlon..

. The other lO percent is attrlbuted to dlrect 1nteract10n processes. vThe
magnltudes of the dlrect 1nteractlon cross” sectlons for (He3 Be7) and

. (He}'L Be7) reactlons on alumlnum -are cons1stent wlth the ides that alpha

3

clusterlng is favored over He ,clusterlng 1n the nuclear surface.- ;‘

"‘.,v_ T
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’ - apPEDIX I
Thls appendlx dealg wmth the calculatlon of act1v1ty proflles

:for sandw1ched thln target recoil experlments Calculatlon of the pro-

:;’Y;“flles shown 1n Flgs. 31-35 follow this (non-relat1v1stic) treatment.

ff. ,dlrectlon is glven by,v‘ ,f:_‘ff .}"_: ?;.ygvgg,iw* SR

Let u veloc1ty of the center-of—mass in the laboratory uystem;;lf. )

_ ¥

_ .;_;v
W

tory system. ce

From Flg Lh it is- seen that the progectlon of W ‘on the beam AR

.u(w ﬁv/[u[ u o+ U *3/[u| u + (v)(cose )

The component-of?_w:"perpendicular to<the beam axie:isf*é"-' 3}
y (v)(51n6 ) —v(w)(31n9 ) PR
- '}‘l
- )
W + (v -
() (wy)‘- ( ) S
ECIE SR B -»1_-'»',;;¢?,\31=-:%;'1v

(v) (51n9 )2 }‘gu) + (2uv)(cos9 ) + (v) (cose )

‘ "W;*%~u2;}:véef5(2uv)(co§edM);gf,7f;§:~

| The relatiénship

;is'now'assumedlforvthe range energy . relatlonshlp of the Be7 product

'.Let_‘t “be fhe prOJectlon of the range R along the beam axis

_Rx ? (k)(w) (cos@ ) -
= (k)(u v + 2uv cose )(cose )
f cosd = (u +v 0059 )/(u + v2 + 2uv cosé )l/2 s

o tf¥ (k)(u + v2 + 2uv cose ) i/2 (u +v c0s6. )

veloc1ty of the emltted product . (Be7) in the M system, uff
= resultant velocmty of the emltted product 1n the labora-;f*

PN
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Beam axis

MU-34525

Fig. bk, Velocity vector diagram used to calculate activity profiles

Tor the sandwiched thin target recoil experiments.



" For iéotropic:centereofemese"procﬁct emission,ff‘
 'Vm(dN/dQ)cM = const.. dN/d cosG dN/( sine deCM)

>»““"“~f?ujf ‘f‘¢N/§eCMe= 7(con?tx><sineCM)v'iflﬂb'm .

- anfan = (/a8 ) (0 fat) = -(eonst.) (s1005,) (B fee) -

(v'cbbnsfc.)'(a_cc'sem/d#)‘

it

"where N -is. the number of product nucle1 and (const ) 1s a normallzlng

' factor. 4.”'“ 3~‘j jir:-jf“]f'v ',‘:j _]',f" - 'f”.j* ﬁif” _)"” el

f(dN/dt)d’c

: H'—‘

(eonst) [(@ coso Janias

(N_2 - l),_'; v('cbﬁ-sig) [c‘o»s:.GiCM(te): . COSGCM(tl)] ,

The last eouatlon gives- “the relatlve count tates in the 1nd1V1dual

>catcher f01ls sandw1ch1ng the thin target The (a cos@ /dt) part could

be obtalned analytically from the expres51on for t above, but 1n prac-

- tice it was easier to make a ~plot of coseCM VS._ T and take the valuesrv
“of cosG corresponding to certain stack thlcknesses from,the graph.

.. For Plotting purposes, the calculated count rate per catcher foil is

divided by tle thickness of that partlcular catcher foil ..7

The assumptlon has been made that the range of the Be

7

product

is proportlonal to its energy over the entire range of Be laboratory =

- energles up to, and above, 20 MeV. This approx1matlon has also been

is'that of Altman. O *That used in Flg. L6 was calculated from the Be

used by Porile. 5

That this relatlonshlp is approx1mately valid over a.
- large energy range is shown in Flgs L5 and - L6, . On these graphs: are .
 plotted k (= R/w against By 7+ The: -range- energy curve used for: Fig.: h5
. 9
_range energy data of Hower - and’ Fa1rhall.59 Straight horlzontal plots

vould indicate that the relatlonshlp R = kw2 holds true.’
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Fig. 45. Plot showing the approximate constancy of the "constant” Xk

in the relationship R = kwg. The range=-~energy curve used was that

T

for Be' in nickel.6o
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"Fig. 46. Plot showing the approximate constancy of the "constant" k

in the relationship R = sz. The range-energy curve used was that
7 39

for Be' in aluminum.
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APPENDIX;II
Thls appendlx deals with the treatment of rec01l data from "thick"
' and 1ntermed1ate thlckness targets. '

v It is dlleCUlt to calculate the activity profiles for up- and
downstream catcher foils when the sandwiched target is not infinitely '
thin, unless the range energy curve. for the product of interest is the '
same for both the target and the catcher foils. However, expressions

'for the fractions of ‘the total activity recomling forward and backward
from ' thlck and "intermediate thlckness targets are readlly derlved.3
. The approach here is to derive exat¢t expressions 1nstead of the series
A expansions of Winsberg. ha This is necessary in some cases because the
~_expansions do not always glve rapidly converging values for F and B.

" The method ‘used in the derlvatlon is that of Wlnsberg !

A ”thick" target is one whose thickness is greater than the
maximum 2 range of the product of interest. An "intermediate thiclkness"
target is one‘that is not infinitely thin and also is not thicker than ',
.the range of the maximum energy recoil of the product of interest. |

Thls treatment is dlrected in part at the calculation of ‘F for
the data shown in Fig. 14. In this experiment the target was 2.L48 mg
o per‘cm?. The target then is not as thick as the maximum forward range
. of the Be7 product, and hence the target is of‘?intermediate thickness" =
for forward laboratory products.-. - . ‘
| The vector diagram used in this dlscuss1on is shown in Flg. 47
~If all the quantltles in the dlagram are multiplied by the velocity of
‘.vthe Be7 product in the oM system, the more famlllar velocity vector -

v dlagram results.

veloc1ty of CM in laboratory. system /V
)

7

veloc1ty of Be in CM system

t = prOJectlon of the laboratory range of the Be7 along' ‘
the beam axis,

F = fraction of the total activity formed Whlch rec01ls
out of the target in the. forward direction,

W = target thickness, . ' ’ -

‘R = 7 having energy the same as‘its CM energy.

range of Be-

&
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Beam axis

MU-34528

Fig. 47. Vector diagram used in the derivation of the expression for

F in the case of an "intermediate thickness" target.
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‘If éhelrangefeﬁergy rélétionéhip R ;b#<ﬁ)§e7 iﬁuéséﬁméﬁ,.thén;.
;,<R)(ﬂ + ¢0§9CM5(lf%iﬁ2 ¥ énIQQSGCM)l/Q‘. fT

The expres51on for F for a target of.vintérmédiéte tﬂigkpéésflisl"‘

:‘ ,_ : 2W dt J[ " 8inb dG

R

=
i

o
|

= 2W [dt[l ~ cosf. ]
Wﬁéré‘ at.. ig obtained from the expression for t above. After.substl—

tuting for dt and integratlng, the exact result is obtalned

| @2 15 (n cos6 g n°-1)

-2WF —3 ,
R W/i +n + QQCOSGCM =
- ‘ : - 3n {
R 22 2 | > 2 7"c°se (6=1)
Jenta) S (3)0(2) (14%)%= (1417)(29) (cosB ) +30 cos Oy :
no .
. o 15 | o
' y gpsel(téo?'
. ij . 2f ' . '1/2 AHBCOSGCM‘ﬂéOéGCM‘l5h2°659Cﬁ- e o
" F =’§~ (141 +2ncosd )? ' ' e
W v oM Lo "'157]2 . T oo

L, cosd,, (t=H) . -
+9n2cosaecM:hnEﬁ3n2+l - 157]3 e '

v‘ cos@l(t=0)‘

Using-the expression for t, t in mg C'cm2 vs;7cQséCM was:plottéd and '_

the values of cose2(tﬁw) and ¢o$Gl(t=O)‘wére'takeh from the graph. -



' :ggvutargets are derlved by Wlnsberg.Ea'

:Zvﬁbetween F! s and B s calculated by the two methods dlffered very llttle'?'v'

B L R -120- S T
S | L T e i o

_ For the calculatlon of B for the 2 h8 mg: C per cm2 target '“f,gf
T'the target is many. tlmes thlcker than the range ‘of” the most energetlc 1K[j
,‘backward Be7 re001l in the laboratory system. The exact expre831ons _ N ;f
"jfor T and B, ‘assuming range is proportlonal to energy, for "thlck" c;idfﬁf;; .

T

ThlS model for . calculatlng ¥ and B assumes a constant productlonsﬁﬁ?f'

7

cross section for Be' across. the target thlckness.. Expressions have ’/"~* *
been derived by Porile for cases where the cross section varies 11nearly S

'faacross the: target.a. Calculatlons of I and ‘B for ‘both treatments’ were’“ ff ,“'?:}*

performed for the rec01l studles on alumlnum, but the dlfferences

~except for very thick targets. In V1ew of the uncertalntles 1n-¢he
'range-energy curves used for Be7
. CM em1ssmon of Be7, the: sumpler constant cross section formulas have

':'been used in the treatment of all. the C (He ,Be7) data.{ﬂf;*ig-s_ff'}f'

.

s and the assumptlon about 1sotroplclﬂ;.f
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AEPENDIX IIT.

The Be7 center of-mass energy dlstrlbutlon based on a. simple

model of double alpha . evaporation from- an 0 15 compound nucleus is cal-.

culated. in this. appendlx. The veloc1ty Vector diagram is shown in Flg.

"Pcll'= Py : ‘ ”’,oJ”LrZ where p- = momentum
T 1 - CO . and T = kl etic energy

Wz")(uxma,l?

It

Pell

5 _.15; S Hof oi:i}“f;;;o:;ihi._ib o ;
, CMvOfO ) (2)0*) (Tal). 0 B B > .:. S |

vy

In the ¢ rest system,

= PBe7 = Pa2

'7v o of M (2)(&)( ) |
' v = K ‘ , "

BT T *ZYS |

Mor o . Morc M or 0F
Vo S a; . S

M of C
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MU-34529

Fig. 48. Velocity vector diagram used to calculate the energy distri-

bution of Be7 in the o+ (M system, using the C:l'e(He5 ;061052)}36:7

model.
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Multiply the last equatlon by (l/e)mB 7 to get

M of 0% oM of ¢ (7 } o ofvoli' k,) M of Cll [ou o 027
T = T, 4 e T + (7 v v jcosf
BeT | Be! e i ,Cl;._“' L BeY?i N :
S S o R 'l R N A 15
- If oy and ae_come'off-at fixed energies, then '?MVOf C;% and CMvaAO-,
S o S T Bel. it
are constants and T
Caor o o
d TBe7 .4f"'ﬁf - CM‘of‘Cll M of O15
- — = (1) | v 7 v .
d cosf B :  Be - C
“dN 4N | & cosd 3'=rﬁém4@iu;
M of 07 -4 cosb YCM,of‘O}5 _ e T '
"4337 : [ o _'lf

Be'

Assumlng.dN/d cose is eqpal to one (i. e., Be7 is formed isotroplcally

'1n the Cll system) then
_a , _
o of 0 7)) {om of & [ of o15
a T ' v v
L ‘el o Bel A oL

The energy'distfibution in the O15 center-of-mass system is now

vestlmated assuming that all the excess energy of the compound nucleus is

12, .73,

‘ d1881pated as kinetic energy. For the C i He = O 5 reactlon, the

excitation of the O15 compound nucleus is 36.1 MeV when the He5 bombard—z

‘.ing energy is 30 MeV. To form Be7 + aa*, 17.8 MeV must be supplied,

leaving.the excess eicitation of (36.1 ~ 17. 8) = 18.3 MeV to be taken

;off by the products; By analogy to other systems studied 61, 62

| © assumption.that 811 the excess energy is garr;ed'off by alpha emiSsion;
:may not be too bad. _Emission_offothér'light pa?ticles will not likely ’

. I

%
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] lead to an eventual Be product because of energy llmltatlons (Appendlx
‘“:VII) Both alphas must come off in thelr _ground states because they _
ﬁvhave no’ exc1ted levels below 20 MeV leeW1se, the re51dual Be7 has l'
w to be in, or near, dts ground state. Its only bound exclted level is S L
'iat 0.h31 MeV.Su ' s R " |

" The .energy distributlon of the flrst emitted alpha is taken to o

o be_that shown in Fig. 49."~ ThlS flgure was drawn by analogy to a. curve

bshowﬁ in’Ref 63, Numbers derlved from. Flg, h9 Wthh are necessary for ;

’;thls calculatlon are glven in Table XVI ;m'g
) M of -C i GRUR
of - : .
4 \Be ‘ . . g
aror ot L T o FOMer oy
,' o ,l : o [ L } - At
(N ".N ) —g L "_‘ [2 _,:--:'l 7 !
T2t ator M Jaror 0P| LT T TBel
(7) oror ~
'_Be7 L C:lfl R
,The equatlon states that a constant Be7 act1v1ty 1s found per unit energy
' 15

 1nterval in the 077 CM. This square dlstrlbutlon Wlll e bounded by the
maximum and minimum. Be7,energ1es available (Table XVI) The flnal e
results of thls calculatlon are shown in Flg. 50. ?he peavywllne,lst'ﬁf

X

drawn to represent the calculated hlstogram fvf3;-mw»:

‘ ; . ( ..
A AR
LT e . !
N ;
-
B 1 .
i N
. .
> - (!
v t . . R
. R A
Ce .
o - .
R
P
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. Table XVI. Numbers derived from Fig. 49 which are used to calculate the
. .. energy distribution of Bel produced in double alpha evaporation from 015,

E ) s (E)a M of lelv .'CM of Cll -CM of O%? ¢ M of Olsd
. _ al , ai- V4 4 7 Max. E 7 Y Min. E 7 '
. - ' ot . Be' . Be i - Be
! 5MeV 3k 0.5 121 - 9.5MeV 2.1 MeV
6 17  0.630 . . 1.02 - 9.5 0.5
9 8 o2 o9 85 . 0.0
12 5 0.8% B - X ¢
TArbitrary units. |
Prpe velécity'unifs are (MeV/amu)l/2. IR B
€ M of 07 o of ¢
Calculated with the formula (1/2)(7) v PR -
' ‘ Lo : “»Cll o Be7_’ ‘b
" Ycaleulated with the formula‘in,Note‘c;>but using a‘minus_Sign.:
|
ol
v



-126 -

40 T T T
. - Coulomb barrier -
w
Z 30+ -
c
> p— -
>
s 20F _
._"é = N
S I10F -
b = .
il | |
O 5 10 15 20
Eq, (MeVv)
MU-34530

Fig. 49. Assumed energy spectrum of first evaporated alpha particle

from the O:L5 compound nucleus.
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Q
=
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Ege? (MeV)inc.m. system centered on 0'3 compound nucleus

MU.34531

Pig. 50. Calculated energy spectrum of Be7

of two alpha particles from Ol5 o

formed by the evaporation



;fa product w1th a flxed energy Wlll glve a square act1V1ty dlstrlbutlon

'fln a stack of catcher f01ls.t The dlagram used for this calculation 1s

‘shown in Flg. 51.' ,,.z;;d W: B 'fnf ';~ e

L

Since the product 1s assumed to have a flxed energy, all of the

s

glven products ideally w1ll stop on- the surface of a sphere.» The pro-fi?:ﬁ

‘1blem 1s then to show that the sphere area 1ntercepted by each unlt

thlckness of catcher f01l 1s constant.

arc length

A area on the :
"*lsqpare

;Adx/51n 6
(2nr) (y)(dS)
(27r> (r sine)(

51n9

2nr [Am]

-In the dlagram of Fig. 51, one_v:
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< dx

' MU-34532

Fig. 51. Diagram used in the calculation of the activity profile for

a stationary emitter.
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The max1mum laboratory and CM“ener 1es expected for”Be7 from

the C (He Be7) reactlon are. calculated

:thelr ground states. : L
‘ Let T = klnetlc energy'
: momentum k‘

,».-4"'

‘ mass (see mass unlt

'.THe?"'*leeV‘T 7“737*5 B7+ Txe?

u.'

_- v

(e v i
D N

PR |

o

. . _‘.
- PR i
; . : i
. ‘ 8 o
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ERTIINE

Tk TgedTme! = TBe7 * 12 (5 79 MeV B 8 He5 )

+ 3352MeV2-721+T. 3MeV+ 3%““}13

Let.T 5 ;31.2 MeV.; | |
(uo 95) (T 7>Me§ = (3 52)(T 7) (51 hl)(T 7)M§§_+l35.5é?ﬁ§v? ;ﬁ  
o -225;9‘MeV2+38O;2 Mev2 SN :
o 0-;3521‘ 7-9236’1‘ 7MeV+‘1878MeV2

Max. , lab

Be7 = eu 0 MeV

Now the maximum CM energy of Be‘7 is calcula.ted DG e A

lab iy
,TCM _»16.2h MeV

B 1 YUY S
Vo = VAEgst - 090k (MeV/rrf}%?l;/_ ¢ Lol
o Max.,lab e L

. _ JJ@)ew
BeT RN

2.62

© . Max.,CM
. v )
. BeT

2.62 - 0.90 = 1.72
| Max.,CM
T
Bl

G <1035 MY



J;f“and Demildt.

’?}'thercorrespondlng He

| APPENDIXVI : [ |
, ) Range-energy curves for He3 1n various materlals used in thls
work have been calculated by Rich and Madey,29 Bromley and Almqyist 30.

31

Range-energy curves for He “.ions were calculated from ﬁt’

3

curves, by the formula, 3jg:;-~; jif
oo e e e

-+ for ions of the same veloc1ty ‘and same stopplng medlum'-

Range-energy curves for Be7 in varlous stopplng medla were 'yfff}

-Qcalculated from a varlety of sources uS1ng the above formula Calcula~v

7 5

were made from the He

tions for Be curves of- RlCh and Madey, Bromley :v S i

‘ . and Almgvist, and Demlldt and from curves of heavy ions in dlfferent "f gg}ﬁi‘j

media as presented by'Hubbard 6h Northcllffe,65 and Roll and Stelgert 66 : “r*_lf ]

Since some of the same range- energy curves calculated from different’
| sources differed ‘considerably from one another, 1t was: dec1ded flnally o
*'3to use a’ set of self-consistent range energy curves computed for Be7 in.ﬁ:

:fvarlous stopplng materials. by.Altman.6Q ‘When - compared to the meager :;fr’“

;’exmstlng experlmental data, these curves. predict range differences well
and absolute ranges falrly well as is seen 1n Table XVII.~ The only ‘
B experlmental data available on range-energy curves for beryllium are

55V A f‘vrﬂ:ﬂiﬁm. '»,,:l._i'f{addi}fulif

.vthose for Be9 1ons in alumlnum and gold.l

IS
v
R
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 Table XVII.

R(calcula

-133-

Comparlson of experlmental range—energy curve for Be
: : " Au with the calculated curve. :

R(experlmental) AR(calculated) AR(experlmental)
. Jfeme 3y ng Au/em@

3
I
5
7
8
9

10
15
.

:25

'Mév"'

mg Au/cm
23
s
‘ff,s.é .
Y
' ":‘;1.1
a_ _12'3_J  fu
"20.8

29.0

38,1

mg Au/cm
_‘_f ,3;8 o
B .,-:,':'6.0 .
e
el
| B 9.6‘ 
o if16.8 .
173
 ?2&.13"

31.5%

- mg Au cm
 ? ti.l_ﬁﬁ ’
m‘fi_;,lﬁl Jj_r":f'
.'Hj-171 }?:;h e
L
e
Lol
: ”;{17‘3 Cffjl,v A
ER

 ‘9;1.: ;

0.9

‘:;_ 1.1
7i'i.2
‘ § 1.2
1.2
o 6.5_
6.8
Tk

aExtrapoiated

%

e e T T R R R T IR
e e —
RS
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,'APPENDIX VII

Some Q—values relevan’c to th:Ls work are llsted' below.

e




NG

HeO + 012

o oBelsma®awt

He + Fé_ : ~“fv5f»}ffn?3;;‘;5 ;;} : 9.5 e

5! out or.0
. L - '. ;
He  out of C

H'out of C

) ".'Be7 out.of O

s
REACTTON - | " Q-VALUE
He? + Hie" = Be T R L6 ey

H ;

£
t

Some caléﬁi@teﬁ Coitlomb 'bai;'xl'iéz;s” a':c.e’(R'd_—. 1.56): '
Heu + Héh ' 3 1.2 MeV - PR

BRSNS R R A 3L

56

_ He3‘+. A'gJ,'.OT ! S LTl w6 -

S e

’».VBeT, out of 1530 ' ) ' ’ - 8.9 o



“:L'foils is glven. Beryllium and alumlnum are very S1m11ar chemlcally.

" There is, however, s’ large dlfference in their: complex1ng behavior w1th _ .Igiﬂff

' HCL:

PR TR

‘51.-'.156»-—-» . |

APPENDIX VIII

In this appendlx the procedure used to separate Be! ”ff;,jjﬁf"ﬂ

from alumlnuma

T B
"’EIE%. in that berylllum is complexed weakly and aluminum strongly.lh I
vl. ‘Add holdback carriers of Fe’ 3:,»Cu++, Co ‘, .and Zn . add ,";Q;}ip%

'ian accurately known amount ‘of Be +»- Dissolve the Al foil in concentratedfﬁ_Lg :

;2:' Add NaOH (this serves as & carrier also) in large excess.;ili;

" Keep the test tubé cool in an ice bath.; The berylllum is now. in. solu-f""iufqm

,tlon since Be(OH) is soluble in excess NaOH.

» ' 3’; Centrlfuge and dlscard the precipltate which consists mOStlyﬁjgti
:jof Fe(OH) ‘Make the solution aCldlC W1th concentrated HCl. . |

, h Add approx1mately 10 ml. ‘of 10 percent EDTA Add. excess

] concentrated NHAOH. EDTA strongly complexes all the carrlers except o :
' Be. Be(OH) is insoluble in excess NHOH. - R S R

5;~ Centrlfuge and dlscard the supernatant solution.' Dlssolve Lg:;_fr
the Be(OH) in HCl. . Dllute and add more EDTA, Add excess NHuOH. o -f f -
o 6 .Pre01p1tate Be(OH) four tlmes 1n the presence of LDTA as B
in Step 5 - Then precipitate’ Be(OH) three times. w1thout EDTA to. insure: -
' .that EDTA 1s completely'removed. Wash the Be(OH) four tlmes with dllute'ﬁ'l

v “7. The final prec1p1tate is now radlochemically pure and in one Ti‘l :
. ; analy81s contalned by Welght 100 parts Be and O. 3 parts Al._ Notother-n"iap v{:~--
v emission lines appeared in the ‘spectral. analy51s._‘.; A SRR
- Other radlochemlcal separatlons from other metal f01ls are not D
included here, but they are 51mllar - Always, the flnal Be(OH) prec1p1*'?ié,
tate was radiochemically pure and spectral analysis showed nothlng exceptu
Be present (except for the separatlon from Al foils) ! o '

W

i
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APPENDIX IX

 Since in many low -cross sectlon experlments, 1t is desirable to

‘use as high a beam current as possible without damaging the target the

'ifolloW1ng llmlted compilation of beam tolerations of var;ous targets

| is included in the hope»that‘1t1w1ll save a certain amount of dupli-~

>1cated effort.

'Unless otherwise noted in the "Comment" column, the collimation :

. was 1/2'inch or ‘larger, and the target was a stack of foils. Stacked

targets were always water cooled with deionized watéf.

Bombardments

‘were long enough 50 thaﬁ'equilibrium between beam heating and heat dis-

sipation should easily have been esﬁablished.

directing the Hilac beam over the target surface was: usually used in He

A provision for’raﬁdomiy

5

-]bombardments. ThlS has the effect of increa51ng the beam intensmty a .

glven target can take W1thout damage.

TARGET

Polyethylene.i
(2.85 mg/cme)

‘Polystyrene
(3.2 mg/em®) .
alternated with
Al spacers

.C(carbonlzed fllter o

| paper)

>C(carbon1zed filter f ’-

paper)
- AL(3 mil)

L Ni(1/2 mil)

N1(1/2 and 1/10 mil)

- Au(l mil)

AVERAGE BEAM INTENSITY

"*‘ '30mua of He (++) 1nc1dent

t 48 MeV

‘ﬂ"imua He (++) 1nc1dent at
' rfh8 MeV -

ﬂv'lSOmua He (++) incident

at 48 MeV

"

) "h50mpa He (++) 1nc1dent o -
L at.85 Mev . :rfi_

© 500musa He (++) 1nc1dent
' at 80 MeV ' .

. 500mpa’ HeB(}) 1nc1dent
“at 31.2 MeV

- 320mpa, He3(+) inc1dent
~at 3102 MeV

:*'820mua He3(+) incident
-;,at 31 2 MeV. -

- Stack fused

COMMENTS i

. Stack undamaged

~ ‘Sta'.ck undamgged

3 é£ack‘ﬁndamagedi

’:?;St;ck ﬁndamaged .
lesﬁack gédamaged"
:ffS£ack;ﬁﬁdaﬁagéd.

- 'Stack'undamaged B



: Lag(a mil)1;z3aﬁf'5

- C(carbonlzed fllter,f
- paper) T '

Pb(Lmil) v

T

“.fPolystjréﬁE
(2.4 mg/em®)

alternated With Q_J”"*ﬁ

.._Al spacers

Cosa(umin) 0T

Y Fe(a/2 mil) <

‘Polystyreng -7;!:~f7:

(2.5 mg/em®) " =

Single2780'microgram.g

V - per cm® carbon film

a R .5158-.5-
" AVERAGE BEAM gmmsm

U’lOOOmua He3(+) 1ncident
o at 31.2 MeV :

: a‘b 31 2 MeV .

25mua He3 (+) J.nc:.dent
Trat 31 2 MeV

500mua He3(+) 1ncldent
{,at 31 2 MéV'”’ -

130mua He5(+) lncident
‘at. 31,2 MeV . L

320mua He3(+)ﬁ;nc1dent _

at 31.2 MeV

500mua He5(+) 1nc1dent z v=9;
'-;‘at 31 2 Mev e

60mua He” (+) incident

‘ 3\75mua He5(+) 1ncident
-8t 31.2 MeV

%

5mua He3(+) 1ncident

at 31.2. MeV . .

600mua He5(+) 1n01dent
at 31 2 MBV '

: 900 mua He3(+) 1n01dent
‘at 51 2 MeV R

COMMENTS

iStack undamaged

“stack

2 : © e PN

| :Stack undamagqu

\
A
o

'f‘Most of the foils .
. were undamaged, but

stack could not

- "have taken more.
“. intense beam

_1ntense beam '

- Stack fused

- Uncooled, */8;1h.
- colllmatlon, fllm-

undamaged

T e g

P

“ Lo
e R

c e - N

T . N N M

S‘P%ic undamaged i ..
- Stack undamaged;g‘-f" L

,:Qulckiy pﬁt holé_;Q". L
:through entirevjf’],;'**

QQSﬁaak'undamagéd_f~fﬂ'

- Most of the foils _
7 were undamaged, but -

© stack could not -
“'have taken more [ -

!;Stack undamaged;_;ff[ ,7Tf

d

a3 e .

e



o

»f'i;{l uampere

1 mua~hr

. =1539-

When the -total beam flux from a run isvread-on a beam integrator,

1 -Coulomb -6 ._ " Coulomb

- the,totgl number~of‘beam particles cénﬁbe,obtéined as follows:

B
53
,‘

¢ proton o 10-6;

X 10

0.625 x 1Of13"£il . ; o

sec |

(+) xi.éo séF f;

(0.625 x 103 (1073)

"'21.25_ x_‘»lol_l.5>-(+_)' e

- 1 mpah

sec " min .. .

= 1.125x 107 (++) particles: -

secqnd.» o o _gecond L {;1,6 §§10"19 Coulomb

60 min . .. - .
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