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FORMATION OF Be 7 . IN He3- INDUCED NUCLEAR REACTIONS . . · 

ArthUr J. · Pape 

Lawrence Radiati9n Laboratory and Department of Chemistry 
University of Califor~ia · 

.. · Berkeley, California 

·August 4, 1964 . · 

ABSTRACT ·· 

This work was begun to determine the importance of the direct . 4 . . 
interaction mechanism 2He3 + 2He (cluster) = 4Be 7 for the "alpha-cluster" 

12 27 . 
nucleus C and for the Al nucleus. 

The results of the investigation indicate that o.f a 22 (H),Be7) 

cross section of 57 mb at a He3 bombarding energy of 31.2 MeV, the 
. . 

direct interaction process has a cross section of approximately one 

millibarn. The remainder of the Be7 is formed by compound nucleus type 

processes of which the 22 (He3 ;a
1
a2)Be7 mechanism is the most importan~ 

Recoil data at lower He3 bombarding energies we.re fitted assuming on~y 
compound nucleus processes. . . 

. The. results of the Al27(He3,Be7) thick-targe; recoil experiments 

indicate that at He3 bombarding energies up to.30 MeV, Be7 evaporation 

·accounts for approximately 90 percent of the Be7 production cross 

section. The other 10 perce~t is attributed to direct interaction pro­

•cesses. The magnitudes of the direct interaction.cross sections for 
I . 4 

(He3,Be7) and (He ,Be7) t'eactions on aluminum are consistent with the 

idea that alpha clustering is favored over He3 cluptering.in the nuclear 

'surface. .. 
. .. 

.. 
~ -... 

. '· 

'. 
·' 

·.i 

:. 
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I. INTRODUCTION 
. 2 

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

test the idea that the He3 beam will act as a probe to srudy.surface 

alpha-clustering in nuclei via the 2He3 + 2He4(cluster) = 4Be7 reaction. 

Because this idea necessarily leads to mechanism studies of the 

(He3,Be7) reaction, th~ "alpha-cluster" carbon nucleus with its large 

(He\Be7) cross section (110mb 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 
- ' . 

foils and f~lms can be fa~icated relativel~ easily (for instance, as 

opposed to a nitrogen target). Also carbon will withstand .the large 

ion currents necessaryto perform these experiments, and the carpon 

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

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

oxygen and nitrogen whose (He3 ,B~7) cross sections are estimated to be 

high. 

A complicating feature 

I 
1\ 

in the study of the c12 (He3,Be7) reactio~' 
is that at most He3 bombarding energies, several mechanisms for produc­

ing Be7 are energetically possible. However, as the (He3,Be7) or "alpha­

pick-up" reactions studied in this work always appear to be more probable 

than (He \Be 7) or :.''H~3 pick-up" reactions, even though the excitation 

functions are not directly comparable, it was decided to learn if the 

large c12 (He3,Be7) cross section (0.1 geometric) could be attributed 
i 

wholly or· in part to a direct alpha pick-up reaction. 

Aluminum was chosen as a target because the Al27(He3,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 A127(He3,Be7) results can then be compared with similar mechanism 

studies on the Al27(He4,Be7) system.3 

Once the excitation functions for the (He3,Be7) and (He
4

,Be7) 

reactions had been obtained, further work on the reaction mechanism 

was perfo~ed using conventional counting methods in conjunction with 
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I 

· standar.d chemical separations (where applicable) to. sep\U'ate and identify. 

:·.the 53 . 6-day Be7. Another possibility was to turn to q:f-rect counting 

. at the accelerator of the reaction products using soii{iktate dE/d.x and 
. . . ' - : . ' . 

E counters. Even at the present time; however, electron"ii.c identification 

'of the, Be 7 product w~uld be very diffi~ult be~ause of thk problem of 

fabricating extremely thin and uniform dE/dx coUnters. · (An alternative 

is to use a gas dE/dx counter.) It-was decided to remain with conven• 

tional counting and chemical separations. 

The major problems encountered throughout this work were those 

associated with detection of low activities of Be7 •. The lo% branching 

ratio of the 0.477 MeV gamma ray by which the' Be 7 was de~ected ;by Nai 

scintillation spe~troscopy, and the 53.6~day half-life gave 1ow·~counting 
rates for bombardments of moderate length with the available· He3 beams •. '. 

For this reason, mechanism studies of the types performed here are best 

limited to the .light elements where the Be7 production. cross section is 

of the.order of millibarhs or higher. 

II. EXPERIMENTAL METHOD 

A. Ion Beams 

The-He3(+1) ion beams were obtained at the,Hilac at an incident 

·energy of 10.4±0.2 MeV/nucleon. 4 Stacked foil targets were placed.in a 

Faraday cup. In order to facilitate foil cooling, the ~. am was usually 

wobbled rand.omly over the target surface. The ion current integrator 

was standarcii~ed with a ca.librac,ed. WestoncelJ..f'ollowing all runs where 

absolute cross sections were ci,.:-::ermined. This integrator standardization 

· .. was performed on one occasion ucth from the experimental cave area and 

. then directly into the integrator. No significant difference was noted; 

so subsequent calibrations were made in the control room. Corrections 

applied to the observed integrated beam were usually a few percent. 
' 4 .· . . . . '·, 

Ion beams of 48-MeV He (++) were obtained at the 60~in. cyclo-. 

iron. Three runs were made at the 60-in.", but.· due. to .the extremely 

. ,.__ 

,!t .. ' 
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rushed schedule immediately before the machine was dismantled, time was 

.not available for integrator calibration. All.work performed at the. 

60-in. cyclotron was later repeated and extended in enere;y at the new 

88-in. cyclotron • 

· External beams of He4(++) were also obtained at the 88-in. 

cyclotron. The integrator :was again always calibrated in experiments . . . ' 4 .. 
in which cross sections were determined. Energies of the He ions were . . . 

taken at the quoted value; but are probably not accurate to more than 
}· 

· ·. ±2 percent ._5 ' .. 

B. Experimental 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 

tha direct beam in the Faraday cup. In these cases, the amount .of [1 

beam impinging 
22 ~~ 

on the target was calculated from the Na beta activity \ 

produced in an aluminum monitor foil and the known 
22 . . . 

Na production cross . 6 
section. 

The standard copper· "tag" target.assembly was used for other 

experiments in which a stack of foils was bombarded. 

In order to determine the angular distribution of Be7 produced 

in tte c12 \He3 ,B~ 7) reaction:, .. two pieces of equipment were used inside· 

a large chamber. This chamber. is in essence a 7-inch in~ide diameter 

brass pipe, sectioned so .that its length can extend up to several feet, 

if necessary. 

The angular distribution apparatus 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 

same type of data but at all laboratory angles. ·. 

A single run was made using an interesting angular distribution 

ap:paratus (described in detail· in Ref~ 7) in an attempt: .to obtain a · 

. ' 
. ·~ . 

\''. 

f' i: 
f 

I 
! 
I 
~. 
I 
I 
i 

·I 
I 
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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 angular resolution 

obtainable and the catchers were cut out manually into only a few 

rings. 
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Target hold!,;_ 

ZN-4394 

Fig. 2. Angular distribution apparatus. This angular distribution 

apparatus is capable of determining the laboratory angular distri­

bution of recoils at all angles. 
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double differential cross section-energy sp_ectrum at each angle-for 

the c12 (He), Be 7) reaction .. The run produced .an unobservable a..'Tlount of 

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

a .500 m!J.a. beam .. Therefore ail apparatus baving a much higher Be~ col;_ 

lcction efficiency had to.be used for this type of experiment. 

The apparatus used was the same as that shovm in Fig. 1, with -~-· 

the holder lo~ded with a stack of thin allli'Tlinum catcher foils. All of 

the Be7 prod~ced from a small angle (corresponding to the beam hole) 
·'· 

out to '30'deg. (laboratory) will be collected. In this run the catcher 

foils collected sufficient Be 7 activity to yield a positive result.. ,. -' 

2. Bombardments at the 60-in. cyclotron ... 
The three bombardments performed at this ~ccelerator were 

on stacked foils mounted inside the standard water-cooled Faraday cup 

·holder. 

·. \ 

3· Bombarlli'Tlents at' the 88-in. cyclotron· : ~. 

Three bombardments on stacked foils were made at the 8$-in. 

, cyclotron .. ·The standard Hilac tag assembly_ was used as .the _target 

holder following some adaptation • 

. ·. . '• ... 
. --~· I .. , .· -_-_ 

;···.:· ': .. 
.-.· 

J -_:,." ·.·· .: 

:· .. · . ·. •.:··- . 

• • •. • •• • ••• j 

. ; 
_ .. ' -. -~ . '.: . ~. 

·.. .·- ·- .''. .·_,. .· ... 

. . . 
. .. . 
,. ,• • I : ~' 

::.-: ., . '· ..... •• l 

.. ..· .. 
• • '> •';. . 

.. ··-

... 

•••• < .... ·- ~ 

.. ,, 
; ____ ' 

:· ;._:., 

·, .' 

·. •' 

·.:""-··· 

. -.--.;: 4 • --~-
_._·;· . ~-- .. ; . '·. . . 

'· 

.. · 
.. ~- •. : . . .. :,· 

. .. ~ ; . •' .'' ..... ·>.. . f. 

. .. ... . .· ~- ~ . 
' I ~ ' 

._ · .. .,... .. ·· _,,_ 
... ~~ . :.. . . . 

'. 
: ~-:'- .. · ... 

. ~ . ', 

'· .. ...... 

;.- .. 
.. : 

~ -.. ·-: . 

' .. . . 

·-:.·- .; ' 

. ·.· .. 
··,_ 

-.. ~ ~ •, u 

·-= .. 
'. 

. : ·. ' . 

-.;:. 
. .... 

'·" 

·<.. 



.,;;. 

..... 

- . 

..... 

-7 .. 

c. Foils 
3 7 . 4 . 7 

Most of the experiments on (He ,Be ) and (He ,Be ) reac;:tions 

with various targets were dictated by .the immediate availability of the 

target foils. Representative samples of metals used as targets were 

always analyzed spectroscopically before an experiment and were always. 

found to be of extremely high purity. Foils were cut with a 1.0005-in. 

diam. punch and were visually checked f~r ,perforations. 

An unknown factor is the. small amounts of light difficult-::to­

analyze-for elements such as o~ygen and nitrogen whose Be7 production· 

cross section in helium-ion bombia.r..dments is estimated to be relatively 

large. A study of the thicknesses of oxide layers on various metals by 

the methods of optical polarization8 indicate that Be7 p~oduced from 

· surface oxygen contamination is not a serious problem for aluminum. 

For metals whose (He3,Be7) and (He4,Be7) cross sections are several 

orders of magnitude smaller than the Be7 production cross section from 

oxygen, dissolved or surface oxygen introduces an uncertainty into the 1,

1 
cross section determinations. Respect for this uncertainty is a major ·; 

reason why this work deals primarily with light target elements where 

contaminants pos~ a less serious problem. 

For carbon targets, foils of polyethylene and of mylar were tried. 

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

.target cha~ring (or else very low Be7 activity). Aluminum spacers 

interspersed throughout the stack of plastic foils to facilitate cool-
1 . . 

ing did not solve the low activity problem. Since more than a slight 

amount of heat damage causes inconsistentcexperime:iltal·.:resUlts, we turned 

to using pure carbon targets. Naturally occurring carbon is 98.89 
9 12 . 3 

percent C and the presence of effects due to c1 is ignored. 

The pure carbon foils used in excitation function determinations 
2 arid in some recoil experiments were approximately 2.5 mg C per em made 

of carbonized filter paper~ Briefly, these were prepar.ed by carbonizing 

one inch filter paper circles between graphite bricks. (This causes a. 

slight amount of 'shrinkage.). To render .the carbon discs "oxygen-free" 

they were outgassed at over. 1000°C in a graphite crucible heated by 
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electron bombardment. The discs were then cooled to below 200. degrees 

··before being e:itposed to the atmosphere. After such treatment, the discs . 
II ·f II 10 · remain oxygen- ree .•. 

·' ' 

For certain experiments, pure carbon films were prepared ranging 
2'''' ' ' 

· in thinness down to approximately 100 micrograms :per em • · The method, 

· devised after some experiment13.tion, · consists ·of pouring an ethanol diluted 

sus:Pension of -"dag"11 onto a mirror-and allowing i~ 'to dry. ·The prepara-. · 

tion '·'dag" is a comin.ercially available suspension of colloidal gr~phite · · 

·in organic solvents~ Commercially available "Aq~adag"11 .could ·ialso .- .... ·.t;. 

have beert .used. The uniformity of the tilffis thus :prepared is .easily 

che9ked by not:ing the rates at which the. various portions of the layered 

.. ·suspension dry, and by observing light reflected off the mirror .,through ,.: 

the film. 

The next step is to let distilledwaterseep between the carbon 

film and the mirror. The film is then. transferred onto a large: .. · surface 

· · of water where the film is lifted off the water surface with thin teflon 
. " . I• 

plastic and dried under a heat lamp. The problem comes in separating '\t · 
.I 

large. sections of carbon.film from the teflon, but this can be done if 

... 

·extreme care is exercised. ·Teflon wa~. chosen as the material ·most unlikely,~ 
. . ' 

to adhere to anything,, but other mater~als such as cellophane or a 

~, . : 

' . 

. ' 

graphite-film-covered mirror were successfully use~ to free the carbon 

film f:rom the water surface .• ..• 
.. __ .... .t .. 

These carbon:. films were always outgassed between small graphite 

blocks in k metal evaporator at elevated temperatures for several hours .. ~' · 

,, ·before being used in a run. That this procedure produced a relatively 

.:. oxygen-free film was shown by an o16 
(He3 ,F18) .. activation analysis ex:peri-

.. . . '. 12 ' 
ment. Foils remained relatively oxygen-free even after storage in the 

· · · · · ~ · .. · atmos]?here for long periods. The amount of o)Cygen was determined to be 

approximately one hundredth .of a:_ percent by weight in one .carbon film. . 

. .- .. ' The possib:i.lity __ of measuring (He3,Be7), excitation functions and .. 

. doing recoil studies wit~- n~trogen ~nd oxygen targets has been inv~s~i­

gated but not :pursued. With' these.two'elements;. one problem_ is the pre-

paration of self:-supporting heat-re~istant targets~ . It· is 'irobably ' 
' . . - •. . . .- . . .· ... 
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feasible to press thin (approximately 3 mil).wafers of AJ.2o
3 

and A1N 
at very'high pressures.1) Data obtailled in this ~ork would allow the 

AJ.27(He3,Be7) activation to .be subtracted out. Thin films of AJ.2o
3 

can 

be made by electrolysis, but thin films of nitrogen-containing compounds 

are difficUlt to prepare. Wafers of TaN could probably be pressed •.. 

D. Chemistry· .·· 
.A:ri effort was made t_o determine the relatively lowBe7 activities 

by counting the foils directly. However, it was finally concluded that 

it was necessary to perform chemistry to separate Be7 from the Na22 .and 

other radioactivities produced in aluminum and other metal targe~ foils •. 

Stable beryllium carrier, and other "holdback" carriers were used. It 

was assumed that there was complete radiochemical exchange between the 

Be9 carrier and the trace amounts of Be7 that were formed,in the born-

· bardment • 
1
. 

A nl.nnber of precipitation procedures for Be ( ++) were tried, but'\; 

quite often the spectral analyses which were performed frequently dur­

ing the chemistry indicated that the precipitate had the incorrect 

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

For this reason it was decided to work with the straightfo~ward pre­

cipitation of Be(OH)2 from solution, in spite of the fact that the 

final product BeO is extremely toxic and somewhat hygroscopic •.. Chemical 

yields wer~ determined gravimetrically. 

Because the chemical behavior of aluminum and beryllium are 

very similar, the separation of beryllium -fr..om::' aluminum foi:).s posed 

a problem. The separation was finally effected by repeated precipitation 

of Be(OH)2 in the presence of disodium ethylene-dinitrilo-tetra-acetate 

(EDrA) . EDI'A complexes aluminum and most metal ions strongly b~t 

beryllium only weakly. 14 Separation of beryllium from other metal foils 

followed fairly.standard chemical procedures and extensive use of EDTA. 

The Be(OH)2 precipitates were spectroscopically free of the matrix (foil) 

element and all hold-back carriers. One. chemical procedure, the separa­

tion of Be from Al, is included in Appendix VIII. The composition of 
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random samples was spectroscopically check-ed occasionally during all 

of this work and was always found to be pilre. The final BeO product 

was. also radiochemically pure. (See next. section.)' 
. . 

The Be(OH)2 , after. b~ing re-precipitated and washed eight times 

per sample after the separation· chemistry was performed, was filtered 

on Whatmari 42 paper. (Whatma.n 40 allowed some precipitate to pass.) 

After filtration, ·the Be(OH) 2 was transferred to a platinum crucible , ... 

and ignited• (BeO will fuse with pbrceiain.) Th~ weight of the ignited· 

fiJ.ter paper was determined ,to be.negligible~ Although BeO is hygro-' 

·scopic, it becanes much less so if it is ·ignited. at l000°C for several ···· 

hours; 

'After ignition at l000°C·the BeO was crushed, slurried with.· 

ethanol and transferred uniformly to the surface of a l.8~cm diam. 

filter paper circle which was mounted in a filter chimney apparatus. 

The filter disc had previously been treated with ethanol, dried, and 

weighed. Ordinary filter paper was used for the disc, but some Miliipore 
.. . tl 

filters15 were also obtained for this purpose. These are attractive. \i 
\ 

filters for some uses because a large fraction of their area .is composed 
. ·, .. 

of uniform and extremely fine:~pores. Unfortunately, however, these. fil~ ... 

· ters swell in ethanol. 
I 

After the BeO on its filter disc was dried for several hours .·. 
under a~ infrared heat lamp, it was weighed and finally scotch-taped to 

a standard aluminuni,counting plate .. All weighings on the filter disc · ' 
i . . . . . . . 

before application of the BeO, and on the filter_disc plus BeO were 

performed quickly ·after removal from the heat lamp and repeated until 

two successive weighings agreed to within 0.1 mg. All transfers to the 

balance:.' of the filter di~c plus BeO ·were made in. a dessicator to. minimize 

·.uptake of moisture by the BeO .. Typically the filter disc alone weighed 

approximately 45 mg (a~curately known) and an (accurately 10own) amount 

of Be ( ++) carrier correspondirig to approximately. 25 mg 'BeO was. added to 

each samp.le analyzed. Most chemical_ yields were in the yicinity o~ . 

80 percent. 
., 

,· 
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For eac~ sample analysis new glassware was used to avoid Be7 

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. wer~ cleaned twice 

Withscoi.iring powder before their reuse. 

Chemical separation of Be7 produced in bombardments o~ plastic· 

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

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

. ·sent when these .foils were counted was due to Be 7 •. 

For recoil eXperiments, chemical separation of ~e7 from catcher 

foils was necessary in some cases. Separation of Be 7 was necessary 

when the, catcher f'oil directly intercepted t.he helium ion beams., 

E. Counting 

The single 0.477-MeV gamma ray following electron capture in 

Be 7 was detected with an .. unbeveled 3 X 3-in .• Nai(Tl) .crystal used in 

conjunction with a pulse height analyzer. The analyzer used was a 100-
. . 

channel Pence, which was later replaced by a 100-400-channel RIDL. The 

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 wide energy range. Since in mSJ.ny cases low 

activity samples were counted, long counts of approximately a half day 
I 

were usually taken in order to build up good counting stati'stics. For 

all counts, both ~ong 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 annihilation peak appeared in the same channel both before 

and after the count, the. count was rejected and the sample was recount~d. 

During certain periods~ the recounting took up a sizable fraction of 

the analyzer time. 

The analyzer was adjusted for all counts so 

peak was .centered.in.channel 30 (Be7 in cha.rulel 28) 

that the·0.5ll MeV 
22 and the Ne 1.28 

22 .. 
MeV peak,. formed in Na decay, in channel 78. ·This was done so that 

.i. 

··': 
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~-'' . the samples could be checked :r-eadily for presence of Na22 :Which is a 

· co~on contaminant and which will make a contribution to the 0.47'7 MeV 

Be7 peak bymeans ·of positron annihilation. No Na
22 J?l~ks were seen in 

.; ;· .~::.any of the. ·samples where Be 7 peaks ~ere d~termined.· Tb.~, .scintillation 
~: ., f 

,• ..... · 

' ... 

.. , ·spectra taken in. the· gamma cave were always identical w:i;th background 

exc'ept :for the Be 7 ·activities... As further c:l'lecks: on the radiochemical · 

purity of the plastic, carbon, and BeO samples, some of these were beta 

counted in a gas flow proportional coUnter. Any appreci.able .beta, con­

tamination would appear 1 but ho beta .activity .was apparent above back-

. groUnd. Th~ haif:..iii'e :of the Be 7 peak was eheckedi _fo~ -two random 

sampies and was found to decay with approximately the proper 53.6 day> 

period. The radiochemica;:Lpurity of the samples is emphasizedqecause 

·when Be7 peak B.reas are finally determined~ it is assumed that no posi­

troil.contribution above background is present •. 

In,·one experiffient in which many catcher foils· had to. be counted 

each for a long period, the RIDL was set up to count three Nai (Tl) 
. . . . . . .· ~ . . . . 

crystals simultaneously ~n successive 100-channel intervals. 

Almost.all Be7-containi~g samples were.count~dcin the first 

shelf below the crystaL In one case this distance was. l. 59 em,- and in 

another cave. used:, 1.00 em. Those samples not counted in these geometries 
' 

were all from the experiment where three catcher foils were counted 

simultaneously, in which instance the catcher foils were taped directly 

·to the plastic crystal coverings. · ·. 

It
1 
is possible that the background to Be 7 S;Ctivity' ratio in a 

·scintillation crystal could be reduced by reducing the size of the 

crystal. This also has :the effect of lowering the area of the Be 7 photo~· 
peak because more· 0.477 MeV gammas can escape the crystal. ·.Counting of 

·1ow activity samples in a high-geometry well-type Scintillation crystal·'. 
. . 

was tried • This idea will work but it was not pursued because the 

. ·.·;.:·available crystals were being used in other work and also because. they· 

.. . were not completely ~contaminated.. Other methods of Be 7 detection, 

namely by means of. Auger ele~trons or.· X-_rays, _w~re investigated. Although 

these methods .could provide higher· specffic activities than ·is obtained 

.. , 
.,• 

·:'-i 

... 

... 

•· . 
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for the 0.477 MeV gamma~ray, it ~as concluded that absolute count rate. 

determinations by either .of' these two•methods would introduce_ major 

difficulties. 

The method for calculating the total Be7 activity from its 
. . 

·0.477 MeV peak area for preliminary cross section purposes consisted 

of using values of crystal efficiencies.and peak-to-total ratios of 

Heath. 16 Hm-Tever, as the Nat(Tl) crystal has a covering of 1/16 in• 

packed aluminum oxide which ~erves as a light reflector, 0.040-i~. 

neoprene sponge rubber, and a 0.019-in. aluminum co~t~iner, 17 the. true. 

conversion fact~r for obtaining th.e total activity of Be 7 from its 

peak area had to be determined experimentally as follows. 

Thin plastic vms18 films we;r:-e layered on >vater. Each :t;ilm was 

trans·ferred to an aluminum disc with a 3 /4-in. hole in its center. The 

uniformity of the VYNS can be inferred from the diffraction pattern pro­

duced in the film by visible light. The thickness can· be estimated 

from the apparent color of the .;f'ilin. 19 . After the films were prepared, 1 . . . !I 
a "weightless" film of gold metal was evaporated onto'the VYNS to render 

it conducting. A small amount of Na22c1 in HCl was then micropipett~d ' 

onto_ the film and gently dried. Such a salt solution, even when very 

dilute, tends to form crusts ar~:mnd the edge of the droplet as it dries 
. . 

and hence certain areas of the beta emitting soU:rce are not completely 

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

method was found ·to avert this. 
I , . 2 

.The VYNS film with its Na2 source was then counted in a 4n beta· 

counter. The geometry of ~he counter was assumed to be 4n and a small 

correction for positron·absorption20 in the VYNS film was made. The 

1.28-MeV ~-ray which is to~ed in the Na22 decay is emitted in coinci­

dence with the positron, as fat' as the 4n couriter is concerned, so nc) . 

correction had· to be made for gammas. One can then calculate the absolute 

positron activity of the Na22 source. 
. . 22 

The ~ext step is to mount the Na disc Gnto a counting plate, 
2 cover it with sufficient thickness of absorber (577 mg Ol1Jer em was 

used) to completely stop and annihilate·the positrons, and count this 
' "' . ' . '·' ' 

- ~ . •.·.· 
<·.!. 
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ganuna sourc~ in the same geometry irL wh.i6:h th~ J3e 7 s~~~s ;were counted. 

. ,.. ~ ~. 

'•. 
( 

. ' 

.. 
Taking into account the fact tha:t two~ganunas are :produced :per po.sitron 

,···· ··:~-. 

.· _:; 

emitted by the sample. .·. . . .. 

. . ~· A .Csl37 so~ce. calibrated in a manner very similar to that just · .. · 

·described for .. the· Na22 sq~c~· is available in this labor~tory~21 R~sults, ·:.: 

for the factor ·c.on~ert~g the Be 7 ··count ~ate to total Be 7 gaminas emi tt~d .' · 

·~. by the sam;le were the sam~ for both th~ 'cs137and the Na22 . sources. . . ' ..... 

None of th~ Be 7 . actiVities .COU1J.ted w~r~ :point' so~ces, bttt 'inst~ad ., .. .. ' . . . ' '. 

the actiVity extended _more or.'·.less,uniforrniy' over circular areas of . >. 

. ··diameters u:p to L8 em. · No: efficiency correction was· made for the finite 

. . ' . /:' extent of. the Be7 sources; ~~t this w~~ at .leas.t ~partly compensated for 

by the fact that the .sources used in the cryst~l calibra~ion were also \ 
. t . . . , · . . . l1 not :po1.n sources.. · l . ·, · · · · · ·.. · · . . .t l' · ·· 

• ' • '. . .'i. j ' 

·.~In. fi.,;.~ ·early runsi the. total beam current::incident u:pon the · · .. 

. :. stack of foils was determined. from the beta actiVity. (Na22 ) :produced .. ; . 

.. ·.·.with known cross section in ·~.thin (sandwi~hed) monitor foil. ·The : · .-::',. · 
" ... 

·. counting efficiencies of the beta counters in the different shelf geo-

metries were obtained from absolute 4irr ·beta _counting of a Na22 source. 

> ••• ;··.··' 

:··· 

and them:counting the same source. in a standard mounting below. the pro-.· 
·< ,, 

portional ~ounter ... Small corrections were made. for the beta-absor.:pt'ion ..• ·:. ':·• ··· 

: . · in the moni to.r foi120 ·and in the approximately one mg. per ·em 2 Videne - · ·. · · 

.• Tc22 plas.tic. sample cover • . . . r ·· • ·· 

The' proportional counters were always operated in the middle of ·' 

a plateau having typiGally a S~?pe of one percent per 100 volts over a 

··:·~high voJ..tage range of 900 volts. Before and after all counts., a c13~ . 

source· was used to give a standard. beta count rate and thus show that,:. 

the counter ~har£i.cteristics had not. changed during a' sample. count •. 
·_-r, 

It must be ··noted that .. the b~~· current determination by thi:i.s 

method is.~robably not very accura1ie because the diameter of the monitor 
,· ·;· . ,. 

'· 
·> ·, ·, 
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foils. (approximately one inch) is comparable to the .window diameter· of .. 

·the proportional counter.' Hence efficiencies determined for the standard 

Na
2
·
2 

source will be different from that of a. given monitor foil because 

of a difference in the area of the emitting surface. 

Becaui=ie Be7 has a half-~ife long compared to even the longest 

bombardments, decay during bombardment :was small. Initial activities 

of Be7 .we~e calcul~ted ~o the midpoi~t· of the bombardment. The decay 

·factors necessary to ·perform t~is.~al~ulation were taken from a "Time . 
. 23 .· ' ... ) 

Half-Life" nomogram. ·• 

III. EXPERIMENTAL RESULTS 

The cross sections presented in this section were 

using a half.,.life of 53.6 days24 'apd a branching ratio·of 

the 0.477-MeV gamma ray which follows electron capture. in 

calculated 

0.103225 for 
Be 7 .. 

' l 
In the excitation. function experiments, no correction was made ~i 

for recoi~ migration of.the Be7 product. Because the stacked foil · ' 

method was used (with its assumption that any products recoiling down-

stream and out of a given target foil are compensated for by recoils 

entering the given· foil from upstream) it is assumed th~~ this correc­

tion is.small. An exception occurs for the first one or two foils in a 

stack. · Their observed activity was always low. 
i . 

In several runs where duplicate experiments were performed, the 

effect of target heating on· excitation functionp and on recoils from·., 

targets was checked by varying the beam current. This will vary the 

·. am~unt of tar~~t heating ~nd presumably affect diffusion of Be 7 ~roduct, 
·if diffusion is of any major importance. No effect due to varying beam 

intensities during a run was ever:·noticed. 

It has been noted that the presence of air in · a:.·gas tar get leads 
. . 7 26 

to 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;<::no correction was made for it.· 

(The role of light eleme~t impurities in low Be7 cross section materials 

... 
, .... 



1.' 

. j 

. ~' e ·' 

such as.Ni and Au is another matter and introduces errors ~nto these 

experiments. ) 

· The role of Rutherford scattering in experiments similar to the . 

type performed in this work has bee·n. studied· by Hower: .
2

7 From his work ... 

-·· · · it is : concluded that wide..:angle scattering should· not be a source of 

anxiety, at least for the more energetic recoils. For Be 7 recoils ·of -~ 
3 MeVand lower where the Be7 is not fully ionized, it is·difficult to 

eval~a:te the. role of the scatt.ering, an<i it may be large. ··· ._, 

Since most. of the runs in this work we're lengthy, most of the'< · . ~:· 

experiin.ents were not repeated. under. identical conditions. Instead, an 

effort was' made to_ vary target thicknesses, c6llimations, beam intensities, . ,, 

··and catcher foil materials fro~ run to run -for similar experiments .•. ~'. 
. . 12 3 7 ' .... · '· 

When duplicate runs :were performed, as in the C (He ,Be ). and the ' ·. :_, ·· 

·. Al2 7 (He3 ,_Be 7) exci tatiori. function .measurements, reE;ults derived: fro~ 
the individual runs we~e virt~ally identical. . . 

. . . 
· . No checks were made specificallY,. to det·ermine . the uniformity h 

it.• 
I , . 

·of the fbils used as targets and as catchers. :[:Iowever, several com• . ' · : 

mercial f.oils have been checked and variations in superficial.de~sities , : 

were small. 
28 · • 

-· ':. 

Range-energy curves for He3 in various materials. were taken from · · 

l 29,30,31 R . , l·t· h" . f H 4 .1 .. severa . sources. · ange-energy re a ~ons ~ps or e were ca - . · 

. culated fr~m those of.He3 by·the relati;nship R_ 4 ~ R __ 3(4/3) for He4 .· -Re -Re · . 
and He3 ions of the same (non-relativistic) veldcity. It is not known. : · 

. ~ .~ 

how accura:te most o.f the range-energy curves are. · Experimental data· .· 

forBe9 (hence Be7) and other·ions .in.various stoppingmaterials are 

scarce, so the calculated range-energy curves were accepted at face 

value. The range-energy curves are discussed in Appendix VI_ and cal­

culated ranges are compared with experimental. 

The method used in calculating the errors follows the treatment·.' 

presented by Ev~s. 32 For the most part the err.or ·bars deal with rando~ 
errors inherent in such processes as weighings, variations in foir · 

thicknesses, or mea·surements of. distances. Any systematic error, such 

as crystal calibration, will.remain constant tproughout the data. 

. ·, 
'- ~: '. 

.... 
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Fig. 3. Excitation function for the Al27 (He3 ,Be7) reaction. The 

range-energy relationship was taken from Rich and Madey. 29 The 

horizontal bars representing the data denote ~e3 in a given tar­

get foil. Data are compiled from three runs. 

Cross section data of Cochrane and Knight33 for the same reaction 

together with a reconstructed ~e3 and their estimated uncertainties 

are indicated by the shaded boxes. Their data has been adjusted for 

the Be 7 branching ratio and half-life used in this work. 
2 1 n -2 

In estimating the errors the formula a = ---
1 

~ (X.-X) was used. 
n- 1 ~ 

The values used for X were those on the curve drawn through the 

experimental points and a was determined in the two regions where 

the error bars are drawn. Error bars in Figs. 3, 4, 6, 11, and 12 

were determined in this manner. 

The threshold for the Al27 (He3,Be7)Na23 reaction is 9.47 MeV. 



·. . . 
Several thick-target recoil experiments were performed in an 

effort to el).l.cidate _the me~hanisms of the Al27(1re\Be7) reaction. In 

. ··: these experiments aluminum targets were sandwiched between· thick catcher 

foils~ The fraction of. the total Be 7 produced which. recoiled forward 

out of the tar get is denoted by F. -Likewise, the fraction of ~e 7 . 

recoiling backward is B, and the fraction remaining in the target is T. 

Low Be7 activation in the catcher foils was assumed to be the same as : 

:that· in the blank foils :immediately next- to the catcher~ in. the s_tack~ · 

The data are.presented inTable·I.· 
f .. .· 

-.," 

'. 

·,. · Uricerta1~ties are· est:tffiated by . assillning a :!:10 perc en~-v~~ation' -' · · 

obse~ved ]3e 7 c-ount rates of .the ·actiye. foils. ., 
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I Table I. Recoil ·data-on Al27 (ne3 ,Be7) r~action. 

He3{energy 
acrors target 

25.21~.:.4.:0 MeV~· 
25.2 ,_ 24.0 . 

I . • 

28.2 ;_ 25.1 
. I . . . 

28.4 '- 25.!1-
1• . . r· 

30.1~.- 29.2 . . t 

Al 
' thickness 

. .· 2 
- --7.34 mg/cm . 

. -· ·- -·-. . ... -~ -- ... -~- .. 

'. 7 ~42. 

22.95 

. 23.02_ 

7.30 

. . .;~ ;·. 

Catcher 
:foil F 

.,· 

Ag 0.28±0.04 

Ag .·.0.27~!:0 ."o4 
. ·· ... ·, 

' . 
Ni .. · 0.088±0.012 

. ~ ·: . 

Ag ·0.33± 0.04 

. -:-: 

0.048±0.007 
· .. 

. .. 0.043±0;006. 

. .... ' 

0.049±0.007 
'• .. · .•• 

.. 
:.~.- . . · .. 

(.·,, 

:. -~- . ~ 

:' 
.>. 

. ··· 

T 

0.67±0.09. 

., . : . : ~ .: . .. -· ... 

. _._. ·-' ~ 

·'6.62±o.o8. 

·-· . ··-·· ...... ··-

. ~ : . 
. ~- ·. . .. . ·._ ._ -· 
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:. ' '. ~0~7 '3l.2.'- 30.2 7·30 
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bThese F-val~es v1ere obtain~d from the runs where th~ excitation furlctio~- tTas · determii1ed~ The ... ·. , ...... · · 

> ....... . 

f'irst target f'oil of the stack is not fed vrith Be 7 recoils :from behind, ·and its observed acti"'" · ....... .- ... : 
. •;:. 

vity is less than the value obtained by extrapolation of the activities :of the other do'\om-
. ·stream .foils. The· dif:ference betvreen the extrapolated activity and the measured activity· for 
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Fig. 4. Excitation function for the Al27 (He4,Be7) reaction. 

Threshold for the Al27(He
4

,Be7)Na24 reaction is 25.5 MeV. 
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Fig. 5. Excitation function data of other investigators3,34,35 for 

the reaction Al27(He
4

,Be7). Their results are taken as they ~ere 
published ~ith ho correction made for the Be7 half-life or branch­

ing ratio used in this ~ork. 
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Fig. 6. Excitation function for the Fe(natural)(He3,Be7) reaction. 

The threshold for the Fe56 (He3,Be7)er52 reaction is 6.1 MeV. Data 

are compiled from two runs. 

Since no range-energy curves for He3 ions in Fe are availab!e, 

several range-energy curves were calculated using the Bragg-Kleeman 

Rule36 and available curves for He3 in Cu and in Ni. 29,30,3l None 

of these schemes gave the proper range-energy relationship for it 

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

range-energy curve of He3 in Ni was finally used to calculate tbe 

He3 ion energy throughout the Fe stack. Although the electron 

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

this range-energy curve for He3 ~ Ni had the He3 beam stopping in 

the correct foil. 

.. 
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Fig. 7. Excitation function for the Ni(natural)(He3,Be7) reaction. 

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

The threshold for the Ni58(He3,Be7)Fe54 reaction is 5.1 MeV. 

Threshold for Ni60 (He3,Be7)Fe56 is 4.9 MeV. 

Range-energy curve for He3 in Ni was taken from Bromley and 

Almg_vist. 30 

The error bars indicated on this and the next figure are ±50 

percent which reflect the facts that these were single runs where 

the integrated beam was determined by means of a monito~ 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-
22 ment. The beam flux was monitored by means of the Na activity 

induced in a thin aluminum (sandwiched) monitor foil. The range­

energy relationship for He3 in Cu was taken from Rich and Madey. 29 
The threshold for the eu63 (He3,Be7)co59 reaction is 4.4 Mev., Th~ 

. 65 3 7 61 . 
threshold for Cu (He ,Be )Co is 5.4 MeV. 
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Fig. 9· Excitation function of the Ag(natural)(He3,Be7) reaction. 

The range-energy curve for He3 in Ag was taken from Bromley and 

Almqvist. 30 

The threshold for the Ag109(He3,Be7)Rh105 reaction is 1.4 MeV. The 

threshold for Ag107(He3,Be7)Rh103 is 0.70 MeV. The Coulomb barrier 

for He3 onto Ag is 14.6 MeV. 

The ±50 percent uncertainty indicated on the data reflects the fact 

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

light element impurities in Be7 production is probably significant. 
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Fig. 10. Results of an Aul97(He3,Be7) experiment. Since gold foils 

contain sufficient carbon impurity to account for the observed pro­

duction of Be7,37 it is probable that the Au197(He3,Be7) cross 

section is very low. The dashed curve shows the shape of the 

c12 (He3,Be7) excitation function for comparison with the observed 

Be7 cross section as determined from Au foils. The Q-value for 

the reaction Au197(He3,Be7) is +3.1 MeV. However, the Coulomb 

barrier for He3 onto Au i!3_ 26. 9 MeV. 

The range-energy curve for He3 in Au were taken from Bromley and 

Almqvist. 30 The horizontal energy uncertainty denotes beam degra­

dation in the respective target foils. 
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Fig. 11. Excitation function for the c12
(He

4
,Be7) reaction. The 

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

range-energy curve for He3 in carbon as presented in Rich and 

Madey. 29 Data are compiled from four runs. 

The threshold for the c12 (He
4

,Be7)Be9 reaction is 32.9 MeV. 
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Fig. 12. Excitation function for the c12
(He3,Be7) reaction. The 

range-energy curve for He3 in carbon was taken from Rich and 

Madey 29 Data are com:Piled from two runs. 

The dashed curve is the same excitation function as determined by 

Cochran and Knight33 using thin machined gra:Phite discs as targets. 

Their data has been adjusted for the Be7 half-life and branching 

ratio used in this work. 

The threshold for the c12 (He3,Be7)Be
8 

reaction is 7.2 MeV. The 

threshold for the c12 (He3,~)Be7 reaction is also 7.2 MeV. 
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Fig. 13. Data on the o16 (He3,Be7) reaction. The targets were mylar 

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

and a large fraction of the Be 7 production in the target foils ',;as 

due to the carbon. The Be7 activity due to the c~bon 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 c12
(He3,Be7) correction are reflected in 

the scatter of the points given in this figure. 

The range-energy curve for He3 in mylar was taken from Demildt. 31 

The threshold for the o16 (He3,Be7)c12 
reaction is 6.6 MeV. 
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In the following C (He ,Be ) recoil experiment (Table II, Fig . 

14) a 2.48 mg c per cm
2 

target was sandwiched between many silve:r; catcher 

f'oils. The lfe3 E:mergy varied f'rom 30.2 to 30.0 MeV across the carbon.·. 

target. 

It was necessary to perform Be7 radiochemical separations f'rom 

the silver f'oils. Many up- and downstream f'oils on either side of ·those· 

listed in Table II and Fig., 14 were· analyzed in order. to be certain . 

tha:t the Be 7 activity is represented by the data presented here. :•.A 
small Bel.actiY.a.tfon of' approximately 0•3.counts per minute in each Ag 

catcher f'oil has been subtracted. 

Sincea large amount of' recoil 'positron activity appeared in 

the carbon target and thus precluded an accur~te Be7 activity d~termin~-
tion, the activity of Be 7 remaini.ng in the target was calc~ted.' · . 

. The. uncertainties were obtained· by estimating a ±5 percent . . . · 

variation in .the observed count rates of' the target and each catcher. 

The data ·for this run are presented· in Table II and. in Fig. 14~, 
\i 

· The. beam strikes ·the stack f'irst at 3-Ag and proceeds downstream. · . · \ i: 
In this experiment 

. ' ~ •, 

,·. 
~. 

. . -: 

.. , ... 

·1 .. ~-. : ~ .. : .... 

,, 

. ·,'. 

,F = 0.49 ± 0~02· ·. 

:B ;, :0.011 ± 0.001 

.·T ~ .0.50 ± 0~03 

. ·• . 
;- ~. ; / ' . ,-' ._ .... 

. •, .·· 

T ·, 

.. · .. ·• ' .· ..... : 

. ~- .. ' 

• - :: l .' • ·~·_.. .• ·.· . 
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Table II. Data from C (He ,Be ) sandwiched target recoil experiment. 

The target thickness was 2.48 mg C per cm2 and (Effe3) == 30.l_MeV. 

.. -..._·., .-. 
Foil 

4-Ag 

5-Ag 

6-c 

7-Ag 

$.;..Ag· 

9-Ag 

·10-Ag 

11-Ag. 

12-Ag . 

. 14-Ag 

. 15-Ag 

~-- :.~ i?·", ·' . -~· 
Foil thickness 

2.61 mg/cm2 

·2.68 

2.48· 

2.53 . 

2.55 

2.51 

2.64. 

2.66 

2. 72 

2.51 

·2.66 

2.51 

Be7 activity 

0 cpm 

' 
121.7 

.5450 (calc~t~d) 

1828 

1274 

I 831 

551 

357 

247 

142 

·52.5 

0 
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Fig. 14. 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 30.1 MeV 
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The following ~2 (He3 ,Be7) recoil experiment was similar to the 

.last one. Here the He3 ~as degraded in energy from 24.0 to 23.5 MeV 

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

used as catchers and the Be 7 was radiochemically separated from them. 

Uncertainties were estimated to be ±5 percent in all of the 

.active foils. 

In this experiment · 

F = 0.33 ± 0.02 
B = o.o072.± o.ooo4; 
T = o.66 ± o.o4. 

The data' are presented ~n Table III and shown in Fig. 15. 
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Table III. Data from c12

(He3 ,Be 7) sandwi2hed target recoil eXperiment.·­
The target thiclmess was 2.42 mg C per em . The average bombarding 

·.energy in the carbon target was 23.8 MeV. · 

:• 

't• 

. '. • ... 
.:~ 

' -~-

'· 

·,-

. ' : ~ 

'•· ·I 

Foil thickness ·-

2.28 mg/cm
2 

2.44 

. 2.42 

2.37' 

2.24: 

2.42~ 

2.31 

2.42· 

.. 2.40 

·' ,¥ 

'i;·_, 

.. · ~ 
.' .. ·t 
. . .' . ' ~ ! 

. . ~~ 

"'· 

.. 

.. . ~. -··_ ' .... 

-~:. 

'•' ,. 

' ~. j 

'j 

,. 
_-, 

~ 

Be7 activity 
c'.-f 

0 cpm 

.111 

10,177 observed 
':-. .~ '10,435 calculated 
-~" 

. '·.>: 

.. •.' 

·.:.· ·.•,. 

2502 

:.-1394 

805 

281' 

·.'.· 31.8 
0 

._-., 

"'~- . ' 

.-·~ ... 

.. · 
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.' j ·.I 

'· 

., 

. { .. "~-~, 

,_ 
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Fig. 15. Activity profile for Be7 produced in a stacked foil experi-
2 ' 

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

nickel catcher foils. The average He3 ion energy in the target 

was 23.8 MeV • 
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The·following c12
(He3,Be7) ~ecoil experiment 

last one. Here the He3 ~as degraded ill energy from 

was similar to the 

14.9 to 14.2 MeV 
. . ' '2. . . 

upon :passing through.the 2.48 mg C :per em target. Silver foils wer·e 

:used as.catchers and the Be7 was radiochemically separated from them • 

Uncertainties are estimat~d to be ±5 :percent ·in the observed • · 
. ( 

activity of each catcher foil. The activity remaining in the target 

·is taken to .be ±10 percent of the value cEilcul.atedhecause of the 

rapidly decreasing excitation function in this region an~ because.t:)f 
. . . : . . 

the. inaccurately kriown .beam ~nergy after degradation to approximately 
··, .·· ... 

half energy. 

,< , · In,. this experiment 
.... _._ 

F ,. 

' B 

T 

-

= 

= 

.... _ .• . 

Q.21 ± 0.02 

0.0014 ± 0.0001 ' 

0-79 ± 0.19; 

:· l' • 
~·· 

... ~-
&> '), ... 

._,·· 

. The dat~ are presehted in Table .:rv ·and _shown: in Fig.' ·.16.: 
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Table IV. Data f'rom c12
(He3 ,Be 7 ) sandvTiched target recoil e:x:periment. 

The target thiclmess vras 2.48 mg C per cm2. The average bombarding 
energy in the carbon target was 14.6 MeV. 

Foil Foil thickness Be
6 

activit;y: 

31-Ag 
.. 2 

2.72 mg/cm 0 cpm 

32-Ag 2.62 22.4 

33-C 2.48 12,856 (.calculated) .. 
. 34-Ag 2.37 2471 

35-Ag 2.64 774 

· .36-Ag 2.58 87 

37-Ag 2.74 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 c12 
(He3 ,Be 7) recoil experiment was similar to the 

le.st one. Here the !Ie3 beam was degraded in. energy from 10.8 to 9.8 

YieV in passing through the 2.46 mg C per cm
2 

target foil. Nickel foils 

-vtere used as catchers and the Be 7 was radiochemically separated from 

them. 

The uncertainties in the activities of the two most active foils 

is estimated to be ±5. percent .for· each. The uncertainty in the value . 

of B is estimated by assuming that the backward count rate is 2 ± .. 2 

counts per minute. 

!n this experiment 

F = 0.078 ± 0.005 

B = o.oo4 ± o.oo4 
T = 0.92 ± 0.06 . 

. The data are presented in Table V and shown· in Fig. 17. 
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Table V. Data from C (He ,Be ) sandvriched target recoil experiment. 
The target thiclmess vras 2.46 mg C IJer cm2 . The average bombarding 
energy in the carbon target was 10.3 MeV. 

Foil 
'· '.j;; 

33-Ni ,· 

34-c · 

35-Ni 

. 36-Ni.. 

-,, 

I 

' .. 

·, 

Foil thickness 
. .. · 2· 

2.35 mg/cm 

2·.-46 

2.29 

2.40 

. ,--.' 

. · ~ '" .. 

;. ?~ . 

'· 
' /, 

·:, < 

-'. · . 

·' 

. '. ',,. .•' 
_, 
, . 

·, 

· Be 7~ acthrity 

0 

'420 (observed) 

0 

,. 

~ '· 

... 

J. 

. ·- .......... -_ 

•• ,._!___ -· -.....-. .... - .....:.... ... 

' .. , 

·.,.,__ 

. '~ 1 



fJ) 
fJ) 
Q) 
c 
~ 
u 

...c 
+-

' Q) 
+-
c 
"-

+-
c 
:::J 
0 
u 

600 I I I I I I I I I 

- C12 (He3 , Be7 ) 
fJ) 
+- 400 
c 

e- Target\ -
:::J 

>. 
"-
c 200 "-

1-- -
+-

..0 He 3 beam 
"-
c ,-- N i catcher - 0 I I I I I I I I I I 

-4 -2 0 2 4 6 8 10 12 14 

Stack thickness (mg/cm 2 ) 

MUB-3181 

Fig. 17. Activity profile for Be7 produced in a stacked foil experi­

ment. The 2.46 mg C per cm2 target was sandwiched betv1een many 

nickel catcher foils. The average He3 ion energy in the target 

was approximately 10.3 MeV. 
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The following c12
(He3,Be7) recoil experiment is similar to.the 

last orie. However, here the target is a thin carbon filril of 120 micro- '; 
2 . . -

.. grams per em . The catcher foils are nickel. For plotting purposes, . 

the carbon film has been converted to an equivalent thickness of nickel. 

by the factor L73, the ratio of the stopping power· of carbon to that •.-

of nickel. 

The Be7 activity in the· target film is subject to large uncer- · .. ·· 
. . . 

tainty becauseof the high recoil positron activity it contained from 

·neighboring nickel ~oils. Be 7 was .radiochemically .~eparated from the 
.. -

· catcher foils. ··: 

· .. Deviations in. the activities of the catcher· foils were -t·aken··to 

· be ±5 percent for each.· The urtcertainty in the count rate of the tlirget 
.. ·.~ ":· 

. was estimated_.to be ;t50 pyrcent. 

... The data are presented in. Table VI and shown in ·.Fig.,- iS. In· 

this· experiment 
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Table VI. Data fro~ ~(He3 ,Be7 ) sandwiched target recoil experiment . 
. The target thickness was 120 micrograms per cm2. The bombarding energy 

1 at the target was 30.4 MeV • 
.. ~ ; ' 

Foil Foil thickness B~ 7 activit;l 

2-Ni 
. 2 

· 2.63 mg/cm 0 

3-Ni . 2.46 22.8 

4-Ni 0.53 3(.6 _., 

5-C 0.120 '. 25 

6-Ni 0.60 64.6 

7-Ni 2.21 185 

,8-Ni 2.28 99·5 ~ 

9-Ni 2.25 55·9 

10-Ni · 2.18. 34.1 

11-Ni 2.25 20.8 

12-Ni 2.24 14.1 11· 
1!. 

13-Ni 2.28 10.9 ' ' ' 

14-Ni 2.28 0 
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Fig. 18. Activity profile for Be7 produced in a stacked foil experi­
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many nickel catcher foils. The He3 ion energy at the target was 

30.4 MeV. 
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This run is also similar to the preceding ones. This 

c12 (He3,Be7). sandwiched target recoil experiment utilized a carbon 
2 . ' 

target of 227 micrograms per em . For plotting purposes, this is con-

verted to an equivalent nickel thickness. Be7 was radiochemically 

separated from the nickel catcher foils, but since nq separation was 

fe~sible for the ~e7 in the carbon target, its ac~ivity is subject to 

· a large uncertainty. 

The variation in the count rate of the catchers is taken to be 
.•. 

±5 percent and that i:ri the target, ±50 percent .. 

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

19. · In this experiment 

.F = 0.81 ± 0.08 

B = 0.019 ± 0.002. 

T = 0.17 ± 0.10. 

. ·-~·- ~ .•. -~ 
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·. 12 3' 7 
Table VII~ Data from C (He ,Be ) sandwiched.target recoil experiment. 
The target thickriess was 227 micrograms C per cm2 The average bombard­
ing energy at the tar get foil ;.ras 15 ~ 2 MeV. 

., 

. ' 
>- . 

Foil 

25-Ni 

26-c 

. 27-Ni 

·. 28-Ni 

29-Ni 

30.:..Ni 

. ' 

·. ;f ~ -· 

'- _·y_ 

.; ' 

.. · 
.. ~:. · ~ ~ ·Foil thickness·. 

•·.·· 

2.{5 

2.28 

... •·-

':• :_ 

.. 
'l·'· 

. \.·;_ 

B 7 activity 
. 

e· . 
•' 

0 ·cpm 

22.8 
.'• 

'• 200 
\ 

209.9 

594 
~ 

.. 128 

0 

'i 

- . 

:..;· 
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Fig. 19. Activity ~rofile of Be7 ~reduced in a stacked foil experi­

ment. The 227 microgram C ~er cm2 target was sandwiched between 

many nickel catcher foils. The average He3 ion energy in the tar­

get was 15.2 MeV. 
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In one c12 (He3, Be 7) recoil experinient, thin·. carbon films were 

'b<:>mbarded in a stack of'· gold catcher foils. .After a sufficiently lcmg. 

'"YTaiting peribd, there remained no·actiV'ity (specifically j3:+). which 

··' 

7 ... 
: ·would interfere with the determination of' the Be. peak, ?-nd .the gold 

. . . '; 
. catchers could be counted directly. 

A ~lO.percent variation was taken f'orthe count·rates in tar­

getsand'catchers; 

The results are presented in Table VIII.·. 
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Table VIII. Recoil data for cl2 (He3,Be7) reaction. 

·Ta:rget thickness ( Efle3) F B. .T 

270 micrograms/em 2 30.4 MeV 0.76±0.03 0.078±0.006 O.l6±0.02 
--. 

4l7 l5.0 0.72±0.04 o.oo8±o.ool 0.27±0.03 
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. In this experiment (Fig. 20) the differential cross section . 

(the ~ngular .distribution of ~e7 fro~·the c12
(He3 ,Be 7)' reaction in~egra­

ted over ~nergy) is obtained as· a function of'laboratory angle from 0 to 

3l·deg. 

' The 2-mil silver catcher foil was mounted on a holder which 

· also served as a cutter to cut the catcher foil into seventeen concentric 

rings. · (See Fig. 1.) The 920 microgram C per cm2 target was placed 

~- perpendicular to .the beam axis. .Bea.ni _energy was 3~ .. 2 MeV and the, .. col-: ." , 
,... .,. 

limcition·.was one-eighth inch .. , AiJ: linear measurements of ·.-dimensions· ·>'-

yere per:formed four times and the average was taken to' calculate angles~ 

The· very. low ~bs~rved count rate per ring was divided by .6.ca.~e1~~"to :_ · · 

obtain a. quantity proportional ~o (dcr/Cill)lab' the Be 7 cross secti,on per , 

unit solid angie, at each laboratory angle~ Count rates were corrected 

for chemical yields and for decay after bombardment.· Because the beam .. · 

_passedthrough the catcher foil, a0.6 cpm Be7 activationcorrection ·wa~ 
calculated for the .catcher that subtended the laboratory angle 0.00 t'o. 11 
2.04 deg. No B~7 activation corrections were made. for the other catche~i . 

• • ,. > • j 

rings. 

i .,· 

Attempts were i:nade to obtain angular distributions in .siinilar ' . 

experiments using degradec,l He3 .be~s. ·'Degrader foils were placed, in .. -:·_-~. · 

turn, behind :the first collimator, .·the second collimator., and finally'; 

:i.mmedia~ely ahead of the target. However} the beam flux was attenuateci 
. . 

considerably after degradcition. It is probable that after some beam: · 
I . . . 

'development the Hilac could accelerate half-energy He3 ions with suf- · 

ficient intensity to perform thls experiment success:fullr .38 
.. 

In }i'ig. 20 a horizontal bar represents the angle subtended by· 

a given catcher foil annulus. 

....... 

The following . experiment (Fig. 21) ·yielded the angular distri­

bution of all Be7 .from t~e c12 (li~3 ,Be7) reaction from 8.20 to 171.40 

deg. in the laboratory. Two;..mil silver foil was loaded irtto the angular. 

distribution apparatus shown in Fig. 2. After the run, the catcher 

foils were cut up into· sections ·to obtain the· angular distribution·.·· 

Radiochemical separation of Be 7 was performed on all the individual foil 
f , •. _-

:!";' . . ... .. 

'.c· ' 

. ·-.-~ 

~ :' . 

~: 
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Fig. 20. Angular distribution of Be7 from the c12 (He3,Be7) reaction 

out to 31°5.4' in the laboratory. The He3 bombarding energy was 

31.2 MeV. 
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Fig. 21. Angular distribution of Be7 from the c12 (He3,Be7) reaction 

from 8°12' to 171°24' in the laboratory. The He3 bombarding energy 

'Has 3l.2 MeV. 

... 

,.. 



.... ~~ .-~----.,__. .... ~----: ... ~- ...... -·-----.. -..---·------~-~-~--~---.-.....-------~~======"_:·~· -"'""·;,:z·.··v=~~~.,::l;;t_,.;~· .. _. 

.... -53-

·sections. The results are corrected for:·chemical yield and decay after 

bombardment. The target thickness was 780 micrograms C per cm
2 

and 

Has oriented at 45 deg. to the beam axis. The energy of the He3 Has 

31.2 ~eV. The beam was directed through a 1/8-in. collimation system. 

The horizontal bars represent the angle subtended by thJ respective 

catcher foil segments. 

In the following experiment· (Figs. 22-26) a target of 264 

micrograms C per. cm2 was placed perpendicular to t?e 31.2 MeV He.3~.beam. 
Collimation I·Tas one-eighth-~inch. A stack of approximately quarter-mil ·. 

aluminuni foils ioTas placed on the holder shown in Fig. 1. The aluminum 

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

aluminum sheets. A 1/4-in. beam hole was punched in the catche:o 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 i\Tere then counted to 
7 . 7 

determine their Be' content. No radiochemical separation of Be was \j 

performed, and activation in all· the catcher foils ioTas negligible after·.· 

a period of waiting. 

The range-energy curve for Be7 in aluminum was calculated. from 

the P.ublished39 range-energy curve for Be 9 ions :Ln a.luminum and the 

factor 7/9 for ions of the same velocity. 

This experiment yielded a double differential cross section 

for 7 12 3 7 . Be produced in the C (He ,Be ) reaction. Figures 22 to 26 show 

the data. ' · 

The raw data presented in Figs. 22-26 were transformed into the 

o15 center-of-mass system by a transformation determined by the He3 energy 

and the mass~s of the He3 and c12 . The results of this transformation 

are shown in Figs.27-30. These figures show the angular distribution 

for the different Be7 center-of~mass energy groups. 
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Fig. 22. Laboratory energy distribution of Be7 produced in the 

c12 (He3,Be7) reaction at a He3 bombarding energy of 31.2 MeV. The 

laboratory angle subtended by this series of catcher foils ~anges 

from 3°05 1 to 8°11 1
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Fig. 23. Laboratory energy distribution for Be7 produced in the 

c12
(He3,Be7) reaction at a He3 bombarding energy of 31.2 MeV. The 

laboratory angle subtended by this series of catcher foils ranges 

from 8°11' to 14°10 1
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Fig. 24. Laboratory energy .distribution of Be7 produced in the 

c12 (He3 ,Be 7) reaction at a He3 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 (He3,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. Laboratory energy distribution of Be7 ~reduced in the 

c12 (He3 ,Be7) reaction at a He3 bombarding energy of 31.2 MeV. The 

laboratory angle subtended by this series of catcher foils ranges 

from 25°10 1 to 31°27 1
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An area in the following figures, that is (dcr/dn) x 6cose is· 

:proportional to cross section. The area contained in ~he two :peaks of 

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

. Sec.·V . ..;E) is approximately 2 :percent of the total crosl:! section for 

c12 (He3,Be7) at He3 energy of 31.2 MeV. From Fi.g.l2 the total Be7 

· formation cross section at 31..2 MeV is 57 millibarns. Hence crDI = one 

millibarn. 

.. 

l 
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Fig. 27. Ang~lar distribution of Be 7 from the c12
(He3,Be 7) reaction 

in the o15 center...;of-mass system. Thi~ figure represents the energy 

3 
CM .· . 

group, ~ EBe7 ~ 5 MeV. The center-of-mass cut-off angle is 

56°37'. 
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Fig. 28. Angular distribution of Be7 from the c12 (He3,Be7) reaction 

in the o15 center-of-mass system. This figure represents the energy 

group, 5 ~ ~c:7 ~ 7 MeV, The center-of-mass cut-off is 52°58'. 
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Fig. 29 .. Angular distribution of Be 7 from the c
12

(He3,Be7) reaction 

in the o15 center~of-mass system. This'figure represents the energy 

group, 7~~C:7·~ 9MeV .. The center-of-mass cut-off angle is 49°25'. 
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Fig. 30. ~~gular distribution of Be7 from the c12
(He3,Be7) reaction 

in the o15 center-of-mass system. This figure represents the energy 

group, ~c:7 > 9 MeV. "The center-of-mass cut-off angle is 47°40'. 
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IV. ANALYSIS OF EXPERIMENTAL DATA 

·A. . Analysis of the c12 (He3, Be 7). Reaction at :He3 Bombarding 

Energy of Approximately 30 MeV 
.j<: 

1. Fitting of the activity ;profile in the sandwiched thin target 

experiment. 

The nearly isotropic distributions· (Figs·. 27-30) contribute much 

more to the total Be7 production cross section than does the highe~ e?ergy 

Be7 contained in the.forward peaks (Figs. 29-30); The approach taken 

throughout this analysis is. to fit all the data at all He3 bombarding 

energies with compound··nucleus .. type mechanisms.. In the absence. of 

more detailed information, these mechanisms are assumed .to produce Be7 

isotropically in the center-of-mass (CM) system. Itwill be seen that " 

all the data can be fit using this model. · It is never necessary to 

invoke any sizable fraction of the direct interaction process 

. 
2

rre3 + 2He 4 ( c~uster) = 4Be 7 which pre~umably gives energetic Be 7 

forward directi'on. · (See Sec. ·.v. -E.) 

in the· 
It ,, ,. 
f' 

. The k~y for the analysis is the double differential cross sec-· 

tion data shown. in Figs. 27-30 The tvro lower e~ergy Be 7 group~ in the 

o15 center-of-mass 'system (Figs. 27 and 28) are assuffied to be. isotropic,' 

and the two higher energy groups (Figs. 29 and 30) are assumed to be. · 

composed of an isot~opic contribution and an additional forward-peaked 

component. . (See Table IX.) .. 

Th~ amount of. the very lowest energy group, ~~7 = 1-3 M~V is 

difficult to obtain from the double differential cross section experi-· 

ment because the velocity of the center-of-mass in the laboratory system 

is greater than the vel~city of the Be7 in the center-of-mass. The 

contribution of this energy group was estimated using the data of Fig. 

18 (sandwiched thin target recciil experiment) by a procedure described 

in the following paragraphs.· 

The Be 7 activity in ·individual up'- and dmmstream catcher foils 

can be calculated for thin target-type experiments using a vector model, 

provided an assumption is made regarding the center..:.of-mass angular dis­

tribution of Be7. Also the range-energy relationship for the Be7 ih.the 

catcher ·foil material must be knovm. 

.·· -.... 

.... 
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'Table IX. Relative amounts of the Be7 center-of-mass energy groups as 
determined in the double differential cross section experiment. 

1-3 HeV 

3-5 

5-7 

7-9 

> 9 

a 
Average 

b Average 

c Average 

d Average 

of the 

of the 

of the 

of the 

(~~7) 
used in 
analysis 

. 2HeV 

4 

6 

8 

10 

ordinates 

ordinates 

shown 

shown 

Isotropic 
contribution 

(See text) 

. 8o4a 

516b_ 

514c 

'159d 

in Fig. 27. 

in Fig. 28. 

. Relative amounts 
of different 

groups 

10.0 parts 

1.0 ~ 

three wide angle pieces of data shown in Fig. 29. 

two wide angle pieces of data shmm in Fig. 30. 

--
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Figures 31·35 show the calculated laboratory activity profiles 

··for an isotropic CM distribution for th~ energy groups ~CM7 = 2, 4, 6, 
. , e 2 

8, and 10 MeV. The range-energy relationship used was ~e7 = k(vel)Be7· 

The justification for this approximation is included in'Appendix I, 

together with the derivation used to calculate the following activity 

profiles. Because the calculations aim to reproduce the experimental 

activity profile of Fig. 18, the nickel catcher f()il thicknesses used 

in the calculated profiles are the. same as those used in the actual 

experiment. 

Forming a hybrid of the Figs. 31-35 using the-relative weights 

of the different energy groups as indicated in Table. IX, and assigning 

a relative weight of 10 for the 2 MeV CM Be7 energy group, the ~xperi­
mental activity ~rofile of Fig. 18 is reproduced in Fig. 36 • 

. The. sm~ll percentage of Be7 app~aring i:h the forward peaks of 

·Figs. 29 and 30 is not ~included on Fig. 36. Inclusion of this forward 

peaking in the calculated activity profile would slightly raise the 

activities in the lasttwo downstream catcher foils. 

This treatment has asslli~ed the relat~ve amounts of the energy 

groups are known ... ·It ha,s also assumed CM. isotropy, a zerO thickness 

target, and the range-energy relationship ~e 7 = k(vel)ie 7 over the 

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

correct. 

j, ., 
!.\ 
' ·' 

A 1similar calculation using calculated activity profiles for a 

1/sinBCM angular distribution was tried in order to see how well the 

experimental activity profile vlould be repr~duced. The calculated .· 

1/sinBCM profiles are peaked forvrard and·backward in the laboratory .. 

Adding up the profiles weighted according to Table .IX- gives a calculated 

profile which is also too strongly peaked forward and backward when coin;., 

pared to experimental. 

.. 
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Fig. )6. Com~arison of the calculated Be7 activity ~rofile with experi­

mental data for the c12
(He3JBe7) reaction at a bombarding energy of 

31 MeV. The shaded area re~resents the contribution ~com 10 ~arts 

of the 2 MeV energy grou~. Other Be 7 eM e'nergy grou~s are weighted 

according to Table IX. 
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2. Calculation of Be7 angular distribution for the c12 (He3 ,Be7) 

Reaction (for~:~= 31.2 MeV). 

For a given CM energy and .angular distributiort, the laboratory 

distribution of BeT can be calculate~ using simple eq~ations4~ or by 

using tables computed expressly for this purpose. 41 

In the calculat~d curve (shown as the dashed curve in Fig; 37) 

the relative -weights given to the Be 7 CM energy groups are·:.those. of·, Table· 

IX. Center-of-mass isotropy vias assumed. The small fraction of ;the 

activity appearing in the for-ward peaks of the 8 and 10 MeV groups (Figs. 

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

distribution at small laboratory angles out to approximately 17 deg. 

(coseL = 0.96). 

The reason for the prominent shoulder at coseL = 0.6 is that the 

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

-weights of more energy groups -were known, the calculated curve could be 

smoothed out considerably. 

3. Calculation of :fraction. of Be 7 recoils for-ward and bacbrard from 

2.48 mg -per cm
2 

target for the c12
(He3 <Be7) reactj_on (E~:~ =· 30.1 MeV. 

Details of the calculations are supplied in Appendix II. 

For forward laboratory recoils, the 2.48 mg C per cm2 target is 

of "intermediate thickness", meaning that the maximum forward range of 

Be7 reco~ls in the laboratory is greater than the target thickness. For 
! 

bacbrard laboratory recoils, the target is "thick". Here a,; ~'thick" 

target is one vrhose thickness is greater than the range of the recoil. 

Table X sho-ws the calculated values for F and ·B which are used to 

reproduce the data shovm in Fig. 14 and Table II. The amounts of the 

CM energy groups have been -weighted according to Table IX. 

The results of .the calculation and the comparison -with the experi­

mental data are as follo-ws: 

Fcalc. = 0.51 

F = 0.49±0.02 obs. 

Beale.= 0.006 

B . = 0.011±0.001 obs. 
The fraction observed to remain in the target is 0.50±0.03 and 

the .calculated value is 1.00 - (0.51 + 0.01) = 0.48. 
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Fig. 37. Comparison of the calculated angular distribution 'fTith the 

experimental curve for the reaction c12 (He3,Be7). The bombarding 

energy ioTas 31.2 HeV. The continuous curve is the experimental 

angular distribution. The dashed curve is calculated assuming iso­

tropic CM components weighted according to values presented in 

Table IX. The calculated curve is normalized to 2 at a laboratory 

angle of 90 degrees. 
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CM Table X. Calculated values ofF and B for various values of EBe7 . · The 

He3 bombarding energy is 30.1MeV. Center-of-mass iso:t,:r;opy is assumed 
~ ; i 

for the· Be7 product. · :''•::: · 

E:sCM . 
e7 F . calc . B caic. 

2 MeV o:49a. 0 

4 0.00076 
.. 

0.51 

6' 0.53 0.0073 

'8 0.56 0.020 

10 0.041. 
., 

0.59 
j: 

i· 

aThis value extrapolated from the other four values. 

' 

L 



: ~ . 

. i 

. 4. 

-76-

Calculation of fractions fonmrd and backward for other ·targets of 

"intermediate thickness" for the c12
(He3 ,Be7) re.action (~:~=30.4 MeV} 

a. Target of 120 micrograms C per 
2 em . In the an~+ysis using Figs• 

·r . . - ., .· 
31-35, the activity profiles of the various up- and downstream catcher 

foils ·Here calculated assuming a zero thickness target. : In Table XI, 

F, B, and T are calculated for a zero thickness target, and then for a 

·target of "intermediate thickness" (120 micrograms/cm
2

). Center-:9.f-mass 

isotropy is assumed for the Be7 product. The range of·.B~ 7 is assumed to 

be proportional to energy. 

Except as indicated by the notes a and b, the values given in 
. . 42 

Table XI were calculated using the equations of \-iinsberg. Al~ equa- .· 

tions used were for "thin" (thickness = 0) tar gets ·or for tar gets of 
. . 

'"intermediate thickness" except that used for the. B· value 0.0157. For 

this energy, the 120 microgram.:target is "thick" for backWard laboratory 

recoils. 

vlhen the relati V!2 amounts of the energy groups are taken from 

Table IX, the results are as follo-t.;s: 

Infinitely Thin Target 

F 0.92 

B = 0.08 

Intermediate Thickness 

F = 0.85 

B 0.059. 

Observed values 

F = 0.85±0.03 

B = 0.11±0.01 

. .. 
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Table XI. Calculated values of F and B for various val'Ues of ~CM7. 
The He3 bombarding energy is 30.4 MeV. e ' 

.. ,,, ',. CM 
· Eie7 

Infinitely thin target Intermediate·~'yhickness 

F B 

2 MeV 1 0 

4 0.926 0.074 

6 0.848 0.152 

8 0.800 0.200 

10 0.768 0.232 

a.B~r eA'trapolation of the other four points. 

bCalculated with equations in Appendix II. 

F B 

0.900a 0 

o.845b 0.0157 

0.824 0.125 

0.781 0.180 

0. 758 0.220 
... 

.target 

.. 

. I' 

I 
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b. Target bf::.270 micrograms C per cm
2

• · The calculations of F and · 

B in the last section indicate that it is a rather-poor approximation 

to ass~e a target of 120 micrograms/cm
2 

is infinitely~~hin. Better 
., 

calculated values of F and B are obtained if the small .t:arget thickness ., ' 

is taken into account. 
·, 

. Table XII gives the calculated values of F and B for a target 
2 thiclmess of 270 microgr_ams C per em • The calculations are the same 

. as those outlined in· the last section (Sec. 4a). Data are given in 

TabieYIIL 

vlhen the CM energy groups are weighted according to Table IX, 

the results of the calcUlation and ti?-e comparison with _eXJ?eriment are 

as follows: . 
·, 

Fcalc.= 0.86 B = 0.044. 
- calc .. 

F = 0.76±0.03 ·. obs. B b.·.· : = 0.078±6.006 
,0 s. ' " 

.. · ... ·· .: ... , 

;._ 

l 

t 
,I\. 

! 

! ,,. .. 
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Table.XII . Calculated values of F and B for various values of E~7· 
The He3 bombarding energy is 30.4 MeV. 

~CM F 7· e. 

2 MeV O.liJ30a 

4 o.858b 

6 0.803 

8 0.768 

10 0.744 

~alue obtained by extra:Polation of the other 

bCalculated with equations in Appendix II. 

fThick target calculation. 

.B 

0 
..... __ ,_ . 

0.0071c 

0.0672c 

0.157 

0.205 
~ 

four :Points. 
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Energy distribution of Be 7 from the c12 (He3 ,Be 7) reaction 

(Ela~ = 31.2 MeV) . 
neJ 

The a~ energy distribution of the Be7 is ~lotteq in Fig. 38. · 
· Figure · 39 shows a similar ~lot where the abscissa has b~en ·converted 

into a decayene:tgy. 

The uncertainties on the experimental ~oints are taken to be 

tv10 times the standard deviation. The sq_uare of the standard deviation 

is 

and 

X··= 
1 
n 

n 

L 
1 

(X. -x)2 
~ . 

., . 
n 

~X .• 
. ~ 

1 

The values of X. are taken to be the vreighted ordinates of the isotro~i;9 · .. ~ . 

~arts of Figs. 27-30. 

The values of 2cr as a·measure of the uncertainty reflect t}le 

facts that the ex:perimental curve is dravm from. a histogram and that 

some averaging had to be done in transforming the double differential 

cross section from the laboratory to the center-of-mass reference system. 

,. . 
. ) 
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Fig. 38. Experimental energy distribution of Be7 from the c12 (He3,Be7) 

reaction. The He3 bombarding energy was 31 MeV. 
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B . 

Bombarding Energy of 23.8 MeV 

Experirnents performed 1-1i th He3 beams degraded in energy were 

less detailed than those run at the maximum He3 ene:r:gy\9f 31.2 MeV 

because of the difficulty in obtaining intense, well-c~liimated, degraded 

beams. 

The ex:perimental data for the following analysis are given in 

Table III and in Fig. 15, which give forward and bacbvard recoils from 2 ... 
a sandVTiched 2.42 mg C per em target. Values for F and B were calcula-

. CM 
ted for the target using the energy groups EBe7 = 2, 3-7, 5.4, and 7.1 

MeV. (The maximum E~7 possible is 7.1 MeV.) The CM energy groups 1-1ere 

VTeighted by assuming an energy distribution similar to that shoVTn in 
~ 

Fig. 38. 

For F calculations, the target is of "intermediate thickness" 

while forB calculations it is "thick". The range of Be7 is again 

assumed to be proportional to energy. Calculated values ofF and B for 

Qifferent Ei:7 are presented in Table XIII. 

N t th t th 1 f F d B t . . t . to R.C:fvi o e a e va ues o < an are no very sens1 1ve ~e7 

and hence not very sensitive to the relative amounts of the different 

energy groups taken for the calculation. The calculated values ofF 

and B, and the comparison "\-lith the experimenta:l values .. are as~·follovTs: 

F = 0.47 calc. B = 0.003 calc. 

F = 0.33±0.02 obs. 
B = 0.0072±0.0004 obs. 

The 'calculated fraction remaining in the target is 1-(0.47 + 0) 

= 0.53. The observed fraction is 0.66 ± 0.04. 
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CM Table XIII.· Calculated values ofF and B for Various values of EBe7' 

The He3 bo~barding energy is 23.8 MeV . 

CM 
EBe7 F B 

2 Mev· o.46a 0 

3.7 0.47 -0.002 .. 
5~4 0.49 ··' 0.010 

7-l 0.52 0.024 

., 

aExtrapolated from the other three points. · 

.. ' 

, .. 

·~ 
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c. ;"j:f:!a1ysi~; of' , h c12 (·· 3 _ 7\ 
.·., ~ f-:("j b':"..:> ) ....... ~..... .-.~.- . ...... ~eact:Lor: at 

Bombardirie; Energ;r of .l\.1)"proxirr,ately 15 MeV 

l. Calculation of activity "Profile for target of 227 micrograms C per 
2 anc~ a er"' "'e 1= o3 ·oo., "\.,"' rc' .;.n"' e·h· "'·.,.. "'" o.t> .1.· :::; 2 MeV ern. _ v ~.:,..;..,. . .., ~ ... ;...._ ~- .. u-~ 1..L.J.. 0 ...:....- f-,.r J. ../. _ ... 

The data for this eXJ?erir:".ent are given in Table VII and in Fig. 

19. 
It vras found by trial and error that a single . CH Be 7 energy 

grou!J of ~7 = 1.52 MeV '1-rill reproduce the data. As usual, CM isotropy 

of Be7 and~~Be7 = k(vel)~e7 is assw~ed. For purposes of this calcUla­

tion, ~he target is assumed to be infinitely thin ~~d the treatment 

outlined in Appendix I is used. 

in Fig. 40 is normalized to the 

The .calculated activity profile shown. 

eA~er~~~ntai Be7 activity. ~ . -
The relationship. ~e 7 = k( vel);e 7 fu. ap:prox:i.1nate here because k 

is not· a consto.nt, but is varying at the rather lm-1 laboratory Be 7 

energies. encountered in this ',.experimj=nt~ (See Fig. 45, Appendix L) If 

the variation of k is taken into abcount using ~e7 = k(vel)~e7 .f. Constant 

or ~e7 = [k + c1 ~~2-~e7)2 J (vel)~e~'· ,;here the constants are evaluated 

from -the range-er..erG'J cUJ:'ve, the eXJ?er:i..rnental act:i. vi ty 'profile can· also 

be fitted satisfactor:i:ly. 

2. Calculation of fractions fori·rard and backl·m.:cd 

· · . · ' ' 2 ((E:la?. ) a. Target of 227 micrograms C per em He) = The data 

are given in Table VII and in Fig. 19. 
To calculate F, the equation .in Appendix II for an "intermediate 

tnic1--.ness 11 target i-las used. For calculation of B1 the target is "thick", 
' '2 7 

and the· equation of \{insberg 
4 

vras used. Only the 1.52 MeV CM Be energy 

group is considered. 

F calc. 

:··F 
. 'obs. 

' 

( 

2.'. 

. ~ . 
'. . :~ 

·:.: ! \:· . 
.· '/ 

= 

= 

-~· 

0.83 B 
calc. = o.oooo6. 
·-..... 

0.81±0.08 B 
obs • = 0.019±0.002 

' .. ~ ",,. . : ;· 
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Fig. 40. Comparison of the calculated Be 7 activity profile with 

experimental d~ta for c12
(He3,Be7) reaction. The He3 bombarding 

energy was 15.2 MeV. 
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2 ( lab ) b. Tar get of 417 micrograns C per em ( KJ:{e) ) = 15.0 MeV . The data 

are given in Table VIII. CaJ.cula tions are the same as in Part a· above. 

F calc. = 0.78 B 
calc. = o.oooo6 

F = 0.72±0.04 B = 0~008±0.001 obs. obs. 

48 2 ( lab · 1. 6 ) · c. 'I'arget of 2. milligrams C per em (Ei{e3) = 1'+. MeV . The 

-data are presented in Table IV and in Fig. 16. The target is "thick" 
42 . 

·for F and B calculations and the equations o:f \\Tinsberg were used. The 

energy o:f Be 7 in the Clvl system was taken to be l. 50 MEFV. 

F = 0.28 
calc. 

F 0.21±0.02 -obs. 

B ~ = 0.00002 
Ca.LC. 

Bobs. 0.0014±0.0001 

D , ., . f , , Cl2t .• ) - 7) R _,_. t A • J-L.'1a.LySlS o: ·ci:.e \.tie· ,.be _ eac lJlOn a an verage 

}I e) r~·:·(' r" · ?' .~, ·~ "'p· T,'-~ e· r' c;-v o -_r_· 10 . 3 \ifeV_ . ..LJ'-~-·l. ~''-.J -·- -·:.:'_:.::,•o__::~::,::_JL:_;:.::_..··;:,'•I/~:...:::._.=;~:......;.1::,::_-~. 

ll 

The data are given in Table V and :::'j_ ·1 • J7. Calcul~tions :for F 

and B use the equations o:f Winsberg 
42 

:for "thick" "'-x-gets. The ~c:7 wa·s 

arbitrarily assumed to be 1.0 MeV. The results o:f the calculations and 

the comparison 1-1i th the data are as follows: 

Fcalc. = 0.22 Beale. = 0.000002 

Fobs. = 0.078±0.005 B = 0.004±0.004 
obs. 

,_·_ 
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. . 
Several thick target recoil· eA.'})eriments ·Here performed. in order 

. 27 7. 7 
to study the Al (He~ 7 Be ) reaction mechanisms. In these runs, the 

. . 

thick targets were sandwiched bet1veen thick catcher foi[Ls. Additional 

foils ·Here included in the stack to serve as blanks to determine the 

small Be7 activation in the catcher foils .. The Be7 activation in the 

thick catcher foils.on either side of.the target "Has. taken to be the 

same as that in neighboring blank foils .. The data are prese!lted in 

Table I. The Al27 (He?,Be7) excitation function is.shmm in Fig. 3. 

A distinction is made betiveen the mechanism by which Bel is 

evaporated from· t~e compound nuc~eus of P30 . and direct interaction pro­

cesses~ The t·Ho types· of mechanisms are expected to have differ;ent 

recoil properties and) with some assumptions, the thick target ex'})eri-. 
. . ·. . .. 

ments will. discriminate betveen the ti-ro typc:s of processes. The existence 

of a compound nucleus mechanism is inferred from the presence of backvrard 

·Be 7 a~d from the large fraction of Be 7 produc~d w~ich remains in the l, ... 
" target. The direct inte:raction part ·vrill be apparent from the deviation'. 

·of the calculated compound nucleus recoil properties from the experi­

mental recoil properties. 

For the compound·nucleus mechanis:rn,.it.is assumed that.all the 

Be 7 produced has a center-of-mass kinetic energy e:qual to. its .Coulomb·· 
. . . 

barrier energy (8. 9 MeV). In the abs.ence of further information, center- .. · 

. of-mass isotropy i:S also assumed for the Be 7,. as. is the relationship.·. 
. . i 2 . . 

~e7 = k(vel)Be7· The justification for the use of this range-energy 

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

Be7 in aluminum, l·rhich vras calculated from the experimental curve for 
9 39 . . " . ;.42 

Be in aluminum . and the factor 7/9, and the equations of Winsberg, : 

it is possible to calculate F, B7 and T for these thick target recoil 

experiments. 

· In order to have a model for the direct interaction processes, 

it is. assumed that the incident He3 picks up an alpha particle and the 

resulting Be7 and Na23 are formed in their ground states. It is also 

assumed that all of the Be 7 thus formed goes directly forward. 

.. 

i , .. 
" . I' 
I 

I. 

1,; '.; 
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As an e:zample, the first set of data given in Table I is examined • 
2 

For -:his run, the target thickness was 7.34 mg JU per em and (~e3) = 

24.6 :MeV. On the basis of the compound nucleus model, 

B -= 0.053 calc. T l = 0.74 ca c. 
F. l = 0.21. 

ca c. 

On the bas·is of the direct interaction model, 98 percent of the 

Be7 escapes the target (in this case). Presence of direct interaction 

:Be 7 then 'Hill not be apparent in the experimental (T/B) ratio, but. will 

affect ratios in 1-1hich F appears. Experimentally this is observed to 

be the case. 

(T/B) l = 14.0 ca c. 

(F jT) - = 0. 28 ca.Lc. 

(T/B) b = 14.0±1.2 
0 s. 

(F/T) b = 0.1~2±0.04. 
0 s. 

The assumption of 9 percent direct interaction and 91 .percent 

compound nucleus mechanism will account for the observed recoil pro- · · 

perties. 

It is possible to take into account a linear variation of cross 
3 . 

section across the target in calculating F, B, and T, but the results 

do not change much for most tar get thicknesses. • For the t-y;o thickest 

targets used (Table I),· the variation of cross section with target 

trdckness 1-1as taken into account. 

Calculations similar to the one just outlined i.Jere performed for 

the other recoil data. The calculated percentages of the ~wo mechanisms 

listed in Table XIV are consistent with the data . 
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Table XIV. Results of thick target'recoil experiments on. the 

. \ 
AJ_27 (He3 ,Be 7) reaction mechanisms . 

it 

(~e3) · - a % CN %-DI crCN 
;i crDI 

., ... _·' 

21.t;-6 MeV 410 f.Lb 91 9 373 f.Lb 37 !-Lb 
.. 

24.6. 410 92 ·8 .. 377- 33 

26.6 545 91 9 496 49 

26.'9' ~65 - 90 10 508 57 

30.7 900 83 17. 747. 153 

30.7 900 87 '13 78} 117 '> 

.. --
L .. 

. ' 

.. 

... 

4 ': 
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V. DISCUSSION 

A. General 

Although a limited runount of data has been obta~ned for He3 and 

He4 excitation functions with various targets, the main emphasis in this 
12 3 7 . 27 3' 7 work has been the study of the C (He ,Be ) and Al (He :,B~ ) reaction 

mechanisms. First, consider the c12 (He3,Be7) system. 

It has been seen that the eA~erimental recoil .data on the 

c12 (He3 ,Be7) reaction have been fit over a range of He3 ion energ~~s 
up to 31.2 NeV. The model chosen has used isotropic Be 7 energy groups 

in the o15 center-of-mass system. Since most of the data are not sensi­

tive to the small fraction 6f the total Be7 contained in the for1-1ard 

peal.;..s (Figs. 29.,.30), the peaks have not been included in the mod~l. 

In no case vras the calculated value for F larger than the experi­

mental value. The calculations depend du~ectly upon the range-energy 

·curve for Be7 in carbon, and there is evidence that the curve used 

overestimates the Be7 range for a given energy (see Appendix VI). Adju~t~ 
. ·t 

ing;the range-energy curve in the direction indicated by the available· . ' 

range..;energy data has the effect of bringing the calculated values of F. 

to-vrard the experimental values. 

The calculations of B are not expected to be very accurate 

because they depend on the relationship R
13

e7 = k(vel)~e7 in a region 

-vrhere it may not be applicable. For B calculations the true range of 
7 Be' is probably larger than that estimated -vri th the formula above. (See 

Appendix I~ Fig. 45.) The effect causes calculated values of B to be 

smaller than the ex:peri;·nental. 

calculated for a thick target at 

This is observed in all cases except B 
la'h · 

(Ej{e3) = 10.3 MeV (Sec. IV.-D), and 

this involved other approximations. 

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

Be 7 is very energetic and FDT is much larger than li' d 1 · 
..l. compoun nuc eus 

From the calculation in Appendix V, it is seen that at He3 bombarding 

energy of 30 MeV, the DI Be 7 product has a maxirr.um for1.;ard laboratory 

energy of 23 MeV. There is assumed to be no back:vrard Be 7 product. If 

the DI Be 7 goes directly forward, F = 1 for many target thicknesses, and 
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f9r all the data taken at ~:~ = 30 MeV. Hence an appreciable fraction 

of DI, if :present in the reaction mechanism, >vould raise the experimental 

values ofF well above the calculated.values. This was never the case 

up to the maximum He3 bombarding energy of 31. 2 MeiJ. 

. Consideration of Q~values and classical Coulomb parriers 

.(Appendix VII) for many reactions leading to .the formation-ofBe7 indi­

cate that Be7 can most likely be formed from the He~+ c12 
system in 

fow.~ ways: 

1. 

2. 

3. 

4. 

= [' 015] * 7 . 8 = 4Be + 4Be . 8 . 

B
. 7 

+ 4 e 

These will be discussed- in turn.·· The AL 
27(H~3 ,Be 7) reaction is 

discussed in Sec. V. -G·, 

B. 3 . 12 15 * 7 8 The 2He + 6c . = [8o ] = 4Be + 4Be Mechanism . 
i 

Formation of Be7 by this mechanism occurs by the break-up of 

the complete-fusion compound system .. At the excitation energies en-. 

countered in these experiments, this "evaporation" mechanism would 

necessarily pJ;~oceed through a limited number of states. These are 

listed in Table XV. 

f.­··· 
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Table Y:Y. Poss~ble states through 'ivhich the o15=· Be 7+ Be8 step may 
proceed at a He) .bombarding energy of 30 MeV. The excess excitation 
energy 6f the .compound. nucleus is 18.30 MeV. The Coulomb barrier will 
suppress those channels '\vhere the total product kinetic energy is less 
than approximately 4 MeV. The level schemes for .Be7 anq Be8 were taken 
from Ref. 43. 

Excitation energy Excitation 3nergy Total kinetic 
of Be 7 . ·of Be · energy of products 
(MeV) (MeV) (MeV, CM) 

0 0 18.30 

0 2.90 15.1~0 

0 11.40 6.90 

0 16.08 2.22 

0 16.63 1.67 

0 16.94 1.36 

0 17.64 0.66 
' 0 18.15 0.15 I• ., 

\ 

0.43 0 17.87 

0.43 2.90 14.97 

0.43 1l.l+O 6.47 

0.43 16.08 1. 79 

0.43 16.63 1.24 

0.43 16.94 0.93 

10.43 17.64 0.23 
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The Al27(p,Be 7)Ne21 reaction has been studied by Lindsay and 

Neuzil. 
44 

The proton bombarding energy varied from 27 to 31.5 MeV. The 

steps in the reaction are as follow·s: 

8 .28 
l4 J_ = 

7 + N 21 4Be 10 e_ 

+11.6 MeV 

Q = -31.5 MeV 

'At .Elab:;:; 30 MeV, the excitation of the Si28 compound nucleus is 40.6 

MeV.p At this bombarding ene~gy, the cross ~ection for.Be7.formed by 
. . . . 

evaporation from the compound nucleus is approximately 100 microbarns 

and rising rapidly. Magnesium was also used as· a target by Lindsay and 
. ., 

Neuzil and the compound nucleus .cross section is comparable to their· 

results for alUminum. •' 

TJ;l~ Al27(He4,Be7)Na24 reaction has been studied by Porile3 at 

a bombarding energy of 40 MeV. The steps· in this reaction are · 

4 '. 27 p31 Q +9. 7 MeV 2
He + 13Al = = 15 

31 -Be 7 + 
. 24 

Q -31.8 MeV-15p . = 4 -· llNa ·- = 

i: 
'i; 

At -an alpha- energy of 40 MeV, the excitation energy ' 31 of the P . compound 

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

cross section is approximately 40 microbarns and is rising rapidly. · 

By. 1vay of comparison, the c12 (He3 ,Be 7)Be8 steps are given here. 

Q +12.1 MeV 

.Q = -17.8 MeV 

At He3 ion energy of 30 M€N, the excitation energy of the compound nucleus 

of o15 is 36.1 MeV. 

It is not lmown hov the "evaporation" of Be 7 changes in -going 

from the compounq nucleus of Si28 or P31 to th~t of the low mass o15. 

Formation of BeY (and of Be8, leaving a Be 7 -residue) may~'cicc]..li'~~--" ;)c~:·u.:::::? 

'<+-" 

... ~ 

. . 
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but arguments will be presented in Sec~ V.-F to show that the o15 

Be7 + Be8 cross section is not a ~jor fraction of the -57mb 

c12 (He3,Be7) cross section at a bombarding energy of 30 -~eV. 
1 

In this :Process the compound nucleus of excited o15 evaporates 

two alpha particle.s and leaves a resid~e of Be 7 ~ The Q-values for the 

steps are 

. Q = +12.1 MeV .. 

Q ,; -10.2 MeV 

. 11 -: 
6~ Q = - 7.5 MeV 

. This should be a .favorable process because alpha emission com­

petes favorably with nucleon emission from highly excited systems. 45 

This is especially true because the Q-values for proton emission'and 

alpha .emission from both o15 and c11 are comparable. (See Appendix,V!I.) 

It is possible to calculate an energy distribution.of the Be1 

residue in the o15 center-of-mass system. In the calculation it is 

assumed that alpha emission carries off the entire excess compoUnd 
I 

nucleus excitation energy, and that the alphas come out isotropically 

from their respective parent nuclei. The qualitative reasoning of the 

calcUlation is this: The emission of the first _alpha will take place . 

at low energy, near its Coulomb barrier, with the highest probability. 

This leaves the second alpha to.be emitted with.a relatively high energy 

from the excited ell, giving an energetic Be7 residue. The calculation 

is performed in detail in Appendix III • 

.·,·, 

< \.·: 



D. 

. 3 . 
According to'this mechanism, the He extracts a neutron from 

e
12

, .leaving an excited e11 . The e11 then emits a~ alpha particle and 

leaves· a Be 7 residue. 

·Neutron transfer reactions have a relatively high cross section . 
. - 46 47 

(See, for eY.ample, Kaufmann and \{olfgang or eatala, et al'. ). However, 
' . . . . . 

since heavy ion reactions are very predominantly surface reactions, 

nucleon transfer to the .He3 from the e12 surface vlould not·. leave the· 

.. c12 
in a state of excitation high enough to cause subsequent alpha 

evaporation. (The binding energy of ah alpha p~rticle in e11 i~ 7.5 .. , 
MeV.) The neutron ·transfer v7ould be tantamo'unt to· removi:qg the. top.;. 

' ~ ll 
most neutron from a shell modele , arid leaving the remaining e · con-· 

figuration undisturbed, to a first approx:ifnation. Removal of an inner 

nucleon vTould leave the e11 in a high state of excitation because an 

nucleon in e11 is ~pproximately 16 MeV more tightly bou.'1d than a .· p 
48 ' . ' 

nucleon, but a surface reaction would not remove an inner nucleon. 

Attempts by He3 .to remove an inner e12 neutron would most likely. lead 

to complete fusion of the target and projectile. 

s 

It is possible that in the neutron transfer from e12 , the e11 

core becomes excited enough to allow ejection of. an alpha. However,' the 

cross section for this high excitation is probably low. 47 
There are oth~r reasons that the Be7 cross section for this 

mechanism •i!ould be low. If alpha emission did occur from ·the highly 

excited e11 nucleus, the Be7 residue in most cases would necessarily 

retain sufficient excitation energyto cause its subsequent break-up. 
. . . ll 

Furthermore, if the highly excited e . were formed, .the alpha evapora-

tion process leading to Be 7 vrould have competition from proton emission .. 

This is the case because the Q-values plus barrier heights for emission 

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

also possible that sin.ce e11 is not a particularly good "alpha particle 

nucleus", proton emission· vJOUld be favored. 

To a first approximation,. it vrould be expected that after a 

neutron transfer, the e11 "spectator 11 nucleus would remain·at rest in 

.•; 
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the laboratory frame of reference. Ejection of a given energy alpha 

from a stationary nucleus will then·give a square Be7 activity distri­

bution as the activity profile in the catcher foils of the sand1-1iched 

target recoil experiments. 
4

9 · (See Appendix IV.) Not even an a:p:proxima­

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

It is assumed that Be7 :production by means of this mechanism 

is relatively low. 

E. 3 12 7 8 The ,..,He_ +. 6c- = Be + 4Be Direct.Interaction Mechanism c . l+ 

In the direct interaction (DI) :process envisioned here, the He3 
1 . . ~ 

:plucks a :preformed al:ph?- cluster from the c-·2 nucleus) forming. an 

energetic Be7 :product and a Be8 residue. The Be7 would be :peaked in the ~· 
fo~n-rard direction, 50 and the :peak _v1ould be bro·adened by the momentum 

distribution of the alpha :particle within the c12 nucleus. Another 
·ii characteristic of the DI cross section is likely to be an increase' in 

magnitude vii th bombarding energy. 

· There are e:x})eri.rnents which indicate trot alpha clusters. do 

have a real existence in nuclei. 51, 52 One esti.rnate of the mean life of 

an alpha in nuclear matter is 4 x 10-
23 sec. 53 In vievr of this work, it 

is not unreasonable that the c12 (He3,Be7) "alpha :pick-up" reaction 

would be enhanced over a reaction in which any four nucleons are trans­

ferred to the :projectile. 

. It cap 'be calculated. (Appendix V) on the basis of this DI model 
'7 

'Hhat the maxi.rnum expected Be 1 center-of-mass energy would be. The cal-

culated val·Lie of 10.4 MeV is in good agreement vii th the eA.-:perimental 

value. 

An interpretation for the energetic and forward-peaked Be7 

(Figs. 29 and 30) is that such B~ 7 is formed by a ·.direct interaction 

:process .. If this is the case for the "10 MeV CM group;, the Be7 formed 

\iould be in either its ground state or its only bound excited state at 
54 8 0.431 MeV, and the Be in its ground state. The first excited state 

~ B 8 . + 2 9 M V 55 oi e lS a... . e . 
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8 
This model assumes that Be remains as a s:p.ectator nucleus after 

12 . . . . . . 8 
the g_uasi-al:pha is :plucked out of the C . The half-life of Be is on 

-16 8 
the order. of 10 ~ sec.J so it is possillle:.to consider the Be .as a·· true 

spectator in the much faster DI :process. . , 

.· If on~ looks only at the most energetic DI Be 7 ~roduc~·, . then 

the reaction .is as follov7s: 

. H 3. 
2 e . + 6cl2 

= 
. 7 

... 4Be . +' 8 
_4Be ~-

l/2+.(g.s.)· 0 + (g.s.) 3/2 _;. (g.s.) 
. - . . .o + (g.s.)·. 

(or 1/2 .. -.at 0.431 MeV) 

The follov;ing treatment is s:L.-rnilar to that given· by Butler and 
,~ . t . . 56 L .~.. ~ nl "tmalr.. . e v 

= spin.of Be7 

. . 
= orbital. angular momentum v7i th which • 

the alpha particle is received by He3 · 

= , spiri of the captured alpha 

Then, 

i. 

(1/2 + 3/2) ~La >- jl/2 - 3/21 

Or for the excited state of Be7 

' 
(l/2 +·1/2)' ~ L. ~ ll/2 - l/21; . , a . · L = 1,0 

a 

By conservation of :parity, La= 1, and Be7 is regarded as 
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2He3 + 2
He 4 - 4 Be7 

s :;: 1/2 s = 0 J = 3/2 -

L = 1 J = 1/2 - in the excited state) 

Let the momentum ~f the incident He3 be n ~e3 and the momentum. 

of the o:LJ.tgoing Be 7 be :h l~e 7. The magnitude of the momentum of the 

outgoing particle is given by energy conservation and the scattering 
-7 

angle e. By momentum conservation, for a particu~ar ~e7' the captured 

particle 1-rill take into the nucleus a momentum n Q. where. 

-> 
Q. is a function of the scattering angle e and is smallest at e = 0 geg. 

Classicaily the orbital angular .momentum carried into the initial 

nucleus (He3 ) by the captured particle (alpha) 1-rill .be given by n it 
0 

l\ 

vrhere r 
0 

is an .impact parameter. For the reaction to conserve angular 

momentum and to proceed at all 

Q,r >:- 1 0 . 0: 

Consider the data of Fj_g. 30. The incident laboratory He3 
~ _ Cl~I 

energy is 31.2 MeV. Inc:went Efle3 is then 20.0 MeV. The observed 

~:7 = 10 ~1eV at zero degrees. 

CM: 
PH 3 "e 

Therefore, 

-). 

= n k_ :z. 
-1ie-" 

-7 

= i'ik,-,7 be = . -15 ( )1/2 19.29. x 10 g-erg .. . 

Q = 
9-59 X lO-l5 

05 X .10-27 1. 
= 

-1 em 
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Take f'or a "reasonable" interaction raclius (impact- parameter) the folio"YT­

ing·value -(refer to Fig. 41): · 

. 13 )' ' -13 r
0

. = AB = (1.5 x 10- )(1.59 + 1.59 = 4.77 x 10 ~:em 

r 
0 

·= (AB) (sin 6o0 )(2/3) 

r .· 
0 

Qro 

. . -13 
=,2.75 x 10 em 

2.51-

., 

This ass~~ed interaction radius and the experimental va~ue of 
-} 

Q 'indicate that 1-1ith respect to conservation of linear and angular 

momentum,. the angular distribution can peak at 0 deg~ because 

9-r 0 = 2. 51 >:- l. 

In fact, much smaller interaction radii can still meet the condition 

.that Qr
0

:>:"1. 

The peakyidth of the energetic direct interaction :peak may be 

estimated on the basis of a classical model • 

. The kinetic energy of ~n ·alpha cluster "Yrill be smallest ori the· 

surface of the nucleus where the direct alpha :pick-up reaction ·is most 

likely t6-~ccur. On the basis of an alpha particle model of c12
, the 

follm·ring conservation of ·energy equation may be "Yrritten: 

Me· 12 = 3M + 3V + 3T a a a V = potential energy 
= _2 ~ 43 MeV T = kinetic .energy 

V~ + T = Constant 
""" a· 

As the alpha moves tovrard the edge of the nucleus, Va is less negative 

and Ta becomes less positive •. It has also been calculated that the pro­

bability ·of'the existence of alpha clusters inside the nucleus is a' 

.•. 

.. . 



.. 

. · 

-101 -

MU-34522 

·Fig. 41. Alpha cluster model of c12 
for determining a 11reasonable 11 

impact parameter for the He3 + He
4

(cluster) = Be7 direct interaction 

mechanism • 
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decreasing fu..r1ction of the energy of alpha particle motion inside the 
. 57 

nucleus, so that an alpha cluster exists with highest probability in 

the nuclear surface. 

The kinetic energy of a surface alpha ·cluster can be. estimated 

from data reproduced in Fig. 42. ·The formula (3Ma ~ Mcl2)/3 = 2.4 MeV 

also yields a similar estbnate. Kinetic energy calculated on the basis 

of the Uncertainty Principle is higher.· 

We assume then that the picked-up alpha cluster has a kinetic 

energy of approxi."TT.ately 2 MeV inside the c12 nucleus. The veil:.6city 

component of the alpha perpendicular to the -beam axis is then 

where E is 4/3· MeV and E + E -e8 a . a ---:s 2 MeV.· The velocity vector diagram 

shmm in :Fig. 43 can then be set up, and the approximate width of the 

most energetic Be 7 can be calcUlated .• 

sin ·e = o.8l7/l.69 - o.483 

e ~ 29° 
cos e = o.87. 

The 1-iidth of the experimental peak (Fig. 30). is appr()ximately 

. 
• 
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N 

0 4 8 12 16 20 24 

Ea (MeV) 

MU-34523 

Fi~. 1~2. Experimental energy distribution of alphas inside the c12 

nucleus. Reproduced from s~~n and CUer.58 
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0.817 = c. m. 
va 

MU-34524 

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

width of the c12
(He3,Be7) direct interaction peak. 

·' 

.. 
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F. Se-paration of the Compound Nu:cleus T:ype Processes in the 

c?-2 (He3 , Be 7) ReacUon at Elab3 == 31.2 MeV 
· 1-Ie 

At this :point in the discussion; there are tvro pom:pound nucleus 

mechanismslvhich have not .been eiiminated as being major .contributors 

to the c12
(:t-re3 ,Be 7 ) cross section at 31 MeV bombarding energy. They 

are: 1) the break-up o:f o15 into Be7 and Be8 and 2) the evaporation 

of tvm al:pha :particles from o15 to leave a Be 7 residue. These hro 

mechanisms vrill be discussed in turn. 

1. The o15 ~ Be7 + Be8 break-u~ 
1~ 

·The 0 ~ compound nucleus ·Hill have a maximum angular momentum 

of' approximately llli. The average angula1· momentu.rn vrill be approximately 

(i'i .. 

In the t-vro-body. break-up of o15 into Be 7 and Be 8, t-he maximum 

spin angular momentum of the :products in any of the open decay charu1els 

(Table XV and Ref. 43) is (3/2 + 4) ~ ll/2. This is for decay to the 

grou:.'ld state of Be 7 and the 11.4 MeV state of Be 8 . Any other combina- '
1 

· tion of levels to v7hich o15 decays into Be 7 arid Be8 will have a lower 

value for the sum of the Be7 and Be
8 

spins. 

Since the average angular momentum of the o15 compound nucleus 

is greater than the maximum value :possible for the Be 7 and Be
8 

spins in 

the decay, the t-v1o :products must have angular momentum in their relative 

motion, if angular momentu.rn is to be conserved. This may lead to' forl.;ard­

backlmrd ~~aking of Be 7 in the CM system. )9 

The fon;ard peaks in the angular distributions in the double 

differential cross section experi;·nent (Figs. 29 and 30) for the higher 
1"' 7 8 

energy CM groups are :predicted either for the 0 :J = Be . + Be mechanism 

discussed in this section or for the :proposed DI mechanism vrhich was dis­

cussed in Sec. V.-E. The double differential cross section experiment 

therefore does not yield unambiguous information concerning the o15 = Be7+ 

Be8 break-up. 

The result of the differential cross section experiment (Fig. 21) 

show·s no evidence of backward peaking. Since, by conservation of parity, 
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compound nucleus products must be symmetrical about 90 deg.in the CM,. 

the absence of a backward peak eliminates the COlllJ?Ound nucleus forward 

. peak. The small forward peaks (Figs. 29-30) in the doub:l:-e differential 

cro'ss section are then attributed to the DI mechanism. - . 8 - . . -
It was stated that the o15 = Be7 +Be b;eak-up may lead to 

forward-backward peaking <Jf the Be 7. 59 Abserice of forward-backwa~d 
peaking, .however,- does not completely eliminate. this mechanism. It can 

be argued that only low partial waves contribute to the Be7 production 

and that they contribute in such a ~anner that the ~e 7 distribution will 

be isotropic. Th~. energetic<! of the oi5 = Be7 + ~e8 break-up is investi·-· 

gated next •. 

The shoulder in the calculated angular distribution at coseL = _ ·-
0.6 (Fig. 37) is prominent because the 2 MeV CM Be 7 ·eriergy group was 

weighted so highiy. · For this CM energy, ·the Be 7 is confined to a cone 

in the forward direction, in the•laboratory.system. The laboratory cut­

off angle is cos-l 0.6. If, for example, a iMeV (CM) Be7 group is !' 
I 

considered, its laborat6rycut-off (and shoulder) will appear at 

coseL = 0.8. Taking many discrete Be7 CM energy groups will smo~th out 
,· 

the calculated curve and bring the calculated curve into better agreement -

with the experimental curve. (The ·DI Be 7 is not in~luded in Fig. 37. The­

laboratory cut-off for the DI Be7 is approximately cos-l 0.96.) 

In order to ·bring the calculated laboratory -Be 7 angular distri-· 

bution into agreement with the exp~rimental.angular distribution, Be7 CM 
I 8 . 

energies belo~ the Be 7 + Be Coulomb barrier (Be7 CM energy _of approxi:- _ 

mately 2 MeV) must_be assumed •. Because the probability for Be7 tunn~l-
ing through the barrier-at; the compound-nucleus-is expected to be very• 

. small, Be 7 at CM energi~s below approximately 2- MeV , is: not predicted -
. 7 8 . 

for the o15 = Be- + Be break-up. The presence of substantial amounts 
7 . . - . 15 - 7 . 8 

of _Be below 2 MeV (CM) is an argument against ,the 0 = Be + Be 

break-up mechanism. .. . _ 

The energy spectrum of Be7 fromtheo15 ;, Be7 + Be8 break-up is 

now examined •. It is seen in Table ·xv. t~t th~ .energy of the Be7 formed 

in the o15 two-body break-up can vary·widely. When the Be7 energies are 

. .:;,i;. 
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calculated from the information contained in Table·XV, it is seen that 

Be7'cannot be f~rmed with a CM kine~ic energy between 5 and 7 MeV. The 

experimental CM energy distribution shows the presence of substantial 

Be7 in this energy range. (See Table IX.) . 

It may be possible that the o15 = Be7 + Be8 break-up accounts 

for ~11 the Be 7 energy spectrum except that at 5-7 MeV. · The only other 

likely com)?ound nucleus mechanism for producing Be7, the c12 (Ite3 ;a:1a:2)Be7 

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

bas is of one model, howeve~, the c12 (He3 ;a:1 a:~") Be 7 mec.hanism does con-. 

tribute at 5-7 MeV and also contributes substantially at other CM 

energies. (See next section.) Therefore, if Be7 from the 

c12 (He3 ;a:1a2)Be 7 mechanism fills out. the. 5-7 MeV range, this twCN-al)?ha 

eva)?oration mechanism must.account for a large fraction of the total Be7 

formed. 

On the basis of the discussion in this section, it is estimated 
7 8 that the o15 = Be + Be com)?ound nucleus break-up does not account fori\, 

the bulk of the Be7 formation cross section at a He3 bombarding energy ' 

of 31 MeV. 

2. The o15 = a 1 + a:2 + Be 7 mechanism 

The model·chosen for this mechanism assumes that alpha particles 

are eva)?orated isotropically from the parent nuclei and that all the 

products (~1,~2 ,Be 7) are formed in their ground states. 

On the basis of this model a square CM energy distribution is 

pr~dicted (Ap)?endix III) for the Be7 when each alpha decay occurs at a 

fixed . energy. · For the model where the first al)?ha is ejected with a 

Maxwellian energy S)?ectrum, several square distributions are combined 

so that'the Be7 CM energy S)?ectrum peaks at a Be7 energy of a)?proximately 

. 5 MeV. (See A)?)?endix III for the detailed calculation.) . 

If there are no preferred directions of emission for either of 

the two al)?ha particles when they are emitted from the com)?ound nucleus, 

the angular distribution of Be7 will be isotropic in theo15 rest system~ 
. The experimental Bel energy distribution from 4 MeV to the maxi-

mum Be 7 energy (Fig. '38) can be fitted approximately by using the 
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·.calculated energy distribution shovm in Appendix III, Fig. 50. The 
7 . r 

l/4 of the Be cross section which is not fitted by the calculated curve 

appears at Be 7 energies below 4 MeV. The presence of substantial amounts .. 

of low energy Be7 can be explained if, both alpha particles are .emitted 

in· opposite directions from the compound nucleus. The 180 .deg. angle · 

of emission between·the two alphas (because of lower Coulomb energy) 

would be expected if the alphas were emitted· ,;simultaneously" from the 
15' 0 ~ 

The Be7 energy spectrum and isotropic Be7 angular distribution 

predicted on.the basis of the c12
(He3 ;a

1
a 2 )Be7 mechanism are co;sistent 

with the experimental data. Since all of the other simple compound. 

nucleus mechanisms for producing B~7 have b~e~, eliminated, it is~ con-· 

eluded that Be7· from the c12 (He3 ,Be7) reaction at a bombarding energy 

of 31 KeV is, ~o~ed mainly. through the c12(He3 ;a1a2 )Bef,(ritechanis.m·~ . 

IL 
G. . The Al27 (He3 ,Be 7) Results ':' 

A s'tudy similar to .the one performed on: the Al27 (He3, Be 7) reaction , 

has been i:nade by Porile3' on the Al27 (He \Be 7) system. ius results show· 

that at 40 MeV bo~barding energy, the reaction proceeds by approximately 

equal parts evaporationand direct interaction. The direct interaction 

cross .·section is then about 40 micro barns at Elab =· 4o MeV. The direct 

interaction cross section for.the A~27(He3,Be7)areaction, while not the 
'· 

major fraciion of the Be7 production cross section at the bombarding 

energies studied, is still 'approximately 100 microbarns at ~:g = 30 MeV. 

In thic.k target re_coil experiments as were performed by Porile 

and in this work, the nature of the direct interaction remains obscure .. 

One idea is that the incident projectile captures a preformed cluster 

from the target and forms Be7 directly. If this is the case, the. direct 

·interaction cross section for .(He3 ,Be 7 ) and (He 
4 

,Be 7 ) reactions, at equi­

valent bombarding energies, will be a measure of the amount of He
4 

.and 

He3 clustering in the target's nuclear surface.- The .results of this · 

work and that of Porile onaluminum nuclei are consistent with the idea 

that alpha clustering is favored over He3 clustering:;_in the nuclear 

surface. 

' .. '! 
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. VI • SUMMARY AND CONCLUSIONS 

Following a .survey of some· (He3,Be7) and (He4,Be7) nucle~ 
reaction cross sections, a more extensive study was made of the 

c12 (He3 ,Be 7) and Al27 (He3,Be 7) reactions in order t6 elu-cidate their. 

mechanisms. In par~icular, it was sought to discover the importance of 

the direct interaction process by which Be7 is formed when an incident 

He3 projectile picks up a preformed-alpha cluster from the c12 or AJ.
27 

target. The He3 + He4(cluster) = Be7 reaction could then be used,~s a 

tool to study alpha clustering in any nuclear surface. 

For the c?-2(He3,Be7) reaction, the direct interaction process 

was determined to be· about 2 percent, or 1 millibarn, of the total Be7 

formation cross section at a He3 bo~barding energy ~f 31.2 MeV • ., The 

total Be7 production. cross section at this energy is 57 millibarns. 

Three compound nucleus type processes may be-important in the 

formation of Be7 from c12 at a He3 bombarding.energy of 30 MeV. They 

are: \ 

I! 

A. ' 4 [6CllJ* 2He + 

4a 7 + 4Be . 

B. = [g015J* = Be7 
4 + 4Be 8 

= 

Experimental data on the c?-2 (He3,a)c11 reaction to specific 

states of c11 indicate that the cross section for Process (A) is relatively 

small. Because the angular and energy distributions of Be7 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 

mechanism for producing Be7. Since angular and energy distributions pr~-. 
dieted on the basis of a simple model of Process (C) are consistent with 

the data, it is conclude~. that Be7 :from the c12 (He3,:se7) reaction is 

,I 

i 

I 
·! 
t 
! 

I .. f 
i 
! 

r 
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·.·formed mair+lY by the -c12
_(He3 ;a

1
a2 )Be 7 mechanism at.· a He3 laboratory 

··energy. of 30 MeV. At He3 energies below 30 MeV, it was never nec:essarY 

to invoke any large .fraction of the direct· interaction ·.~lpha pick-up 

process to fit the recoil data. ·: 'i · 

The result~ of the Al
2

7(He3 ,Be7) thick target recoil experiments 

indicate that at He3 bombarding energi~s up to 30 MeV, Be 7 evaporation· 

accounts for approximately 90 percent of the Be 7 productiori.: cross secti.on. 

The other lO.percent .is attributed to direct interaction processef?: The 

magnitudes of the direct interaction cross-'sections for (He3;Be7) and 

(He\ Be 7 ) reactions on alumi~um -are consistent· wfth theidea that ·alph~ 
clustering is favored over. He3 clusterin~ in the- nuclear surface~ .· 
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APPENDIX I 
! 

.This appendix deals with the calculation of' activity prof'iles 

f'or sandwiched thin target recoil experiments. Calculation of the pro~ 

files shown in Figs. "31-35 follow this (non-relativistic) treatment. 
·~ . . . . ' . 

Let u = velocity of' the center-cf-niass in the laboratory system, ·, 

:j.='velccity of the emitted product (Be7) in.the.CM system, 

. ·~ = resultant velocity· of' the emitted ·pr'oduct in the labor·a­
tory system. 

From Fig. 44 it is ·seen that the .pr:cjectiCn· of · w on the beam 

direction is given by, ·~ .... 

w :::(11 ·UJ/Iul X . 

The component of : w . perpendicular to the beam axis· is 
.; ... 

' . 
. wy ~. (v)(sineCM) ·=. (w)(sine1 ) 

. ") 

I! 
I' 

. \ .. \ 

·=. ·. ·.L.·· 
. ' . 

= ( )2( . · e )2 . (. )2 . (2 ) ( e. ) ( )2(. · ·e )2 v . sJ.n CM . + . u + . uv . cos CM . + v . )!OS CM. • 
"~-· .: : - . "' 

. ' ,._,. 

;·. 

. . 2 
R = kw 

,.. 

.is now assumed f'or the ran.ge-energy relationship of'. the Be 7 product. 

Let . t be the projection of' the range R along t~e beam axis.· 

2 
Rx =.t = (k)(w) (coseL) 

. 2 2 . ' ' 
. t · = (k) (u · + v .+ 2uv coseCM) (coseL) 

· ; · 2 ' 2 · )112 , · 
coseL,= (u + v ~oseCM) (u + v + 2uv coseCM ·; 

:. t = (k)(u
2 ~ ·~l + 2~~ co~e~)1/2 (u +. vcoseCM} ·' 

•'. 

'.,. 

. f 

..... 

. i 
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u Beam axis 

MU-34525 

Fig. 44. Velocity vector diagram used to calculate activity profiles 

for the sandwiched thin target recoil experiments • 
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~~ . ' ' 
F. 

For isotropic center-of-mass product emission, 
. . ' ' . . . 

(dNfdD)CM = const .. = .ciN/d coseCM =·dN((-.. sinBCMdeCM) 
. . ·"' -· ' ~ . . . . .. 

,.·, 

.·. ,~.-

1' -~!...;~~-~'*·· ~ -~-
. where . N . is the ~umber. of product nuciei an?- ·(canst • ). is _a.normalizing 

factor.· ·- '·. .. . -~. _: 

I(ilN/cit)dt '= (canst.) ]<d coseCMjdt)dt.' 

The last equation givesthe relative count ~ates in the individual 

l 
\(; ,, . 
,· 
' 

... 
catcher :foils sandwiching. the thin target. The (d coseCM/dt) part could 

be obtained analYtically-from the expression for t above, but in prac~ 

· tice it was ~asier to make a plot of coseCM vs:: t ana: tak:E~ the values 

· of coseCM corresponding to ce:rtain stack thicknesses from:~the graph. 

For plotting purposes, the calculated count rate per catcher foil is 
. I . 

divided by the thickness of that particular catcher foil. . 

The assumption has been made that the ran~~ of the Be 7 product.· 

is proportional to its energy over the entire range of Be7 laboratory 

energies up to, and above, .20 MeV. This approximation has also .been 

used by Porile. 3 That this relationship is approximately valid over a. 
. . 

. large energy range is shown in Figs. 45 and 46. On these graphs are 
2 . . . . . 

plotted k (= R/w) against ~e7• The range-~nergy curve used for Fig.·45 

is· that of Altman·. 60, .·.That used in Fig. 46 was calculated from the Be9 

range-energy data -of Hower· and FairhalL39 . Straight horizontal· plots. 

'would indi.cate that the relationship R = kW2 holds true. ' . 

. . 

'· '}J_ .. 
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·:_ ·"" 
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I I 

0 ooofoooo 

-9.5% 

I I 

i=22 
(k)=2.4t=L k./22 

j = t I 

I I I I 

5 10 15 20 

-

-

-

25 

MU -34526 

Fig. 45. Plot showing the approxim.ate constancy of the "constant 11 k 

in the relationship R = k:w
2

• The range-energy curve used was that 

for Be7 in nicke1.
60 
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·Fig. 46. Plot showing the approximate constancy of the "constant" k 

in the relationship R = kw
2

• The range-energy curve used was that 

for Be 7 in al-um'inum.39 
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APPENDIX. II 

This appendix deals withthe treatment of' recoil data f'rom "thick" 
. ' . 

and "intermediate thickriess" targets. 

It is difficult to calculate the activity profiles f'or up- and 

downstream catcher foils when the sandwiched target is not infinitely 

thin, unless the range-energy curve.f'or the product of'"interest is the 

same f'or both the target and the catcher foils. However, eXpress~ons 

f'or the fractions of' the total activity recoiling forward and backward 

f'rom "thick" and "intermediate thickness" targets are readily derived • 

. The approach here is to derive exact expressions instead of' the series 

expansions of' Winsberg. 42 This is necessary in some cases becaupe the 

expansions do not always give rapidly converging values f'or F and B. 

The method used in the derivation is that of' Winsberg. 

A "thick" target is one whose thickn~ss is greater than the 

maximum range of the product of' interest. An "intermediate thickness" i 
1 

target is one that is· not infinitely thin and also is not thicker than 1 

the range of' the maximum energy recoil of' the product of' interest. 

This treatment is directed in part at the calculation of'·F f'or 

the data shown in Fig. 14. .In this experiment the target was 2.48 rilg 

C per cm2 . The target then is not as thick as the maximum forward range 

of' the Be7 product, and hence the target is of' "intermediate thickness" 

f'or forward laboratory produ?ts. 
I . . . . 

The :vector diagram used in this discussion is shown in Fig. 47. 

If all the quantities in the diagram are multiplied by the velocity of' 

the Be 7 prod~ct in th~ CM 'system, the more familiar velocity vector 

diagram results. 

1l = velocity of' CM in laboratory system = / 
7 v v, 

velocity of' Be i.n CM system 

t =projection of' the laboratory range of' the Be7 alo~g · 
the beam axis, 

F = fraction of' the total activity formed which recoils 
out of the target in the forward dire.ction, 

W target thickness, 

R =range of' Be7 having energy the same as its CM energy. 
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I 
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1s· e I In 
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Cos Bc.m. 

. 
Beam ax 1s 

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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.. ' . . ·,' 2 ' . 
If the range-energy relationship R = k(w)Be7 is assumed, then, 

The.expression for F fo~ a target of' "intermediate thickness" is . 

. jw . jeCM 
F = 2t dt · sinBCMdeCM 

.0 0 

F ~ ·1.- f· dt(l - coseCM] . 2W 

wnene dt Is obtained from the· expression for t above. After, substi­

tuting for dt. and integrating, the exact result is obtained, 

. _/ [(21)
2

+1-·31))(1) cosecr .. (TJ
2
-l) 

-~WF = Vl + T}
2 

+ 21)COs8CM. ------=2--~---·.. · 31) . \I 
. . I 

22 2 2 2 ' 
(3)[ (2)(1+1) ') - (l+TJ )(21])(cos8CM)+3TJ cos BCM] 

+· 
151]

2 

cos81 (t=O) 

~R 2 · · 1/2 
F = 2W (l+T] +2TjCOS8 CM) [4~3coseCM-~coseCM-l5~2coseCM 2 ' 

' ' 151] ' •, .· 
' . ' 

2 .. 2 . 4 . 2 3 J cose2(t=W) . 
+9TJ cos e CM·-:4-TJ· .-~3T'I +l - l5TJ · 
--~--~~--------------

' . cose1( t=O) 

Using the expression for t, t in mg C ~m2 vs ~ 'coseCM was plotted and 

the values of cose2 (t=W) and.cose1 (t=O). were taken from the graph • 
·; . 
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For the calculation of··. B 

the target is many times thicker tha.D. the range 'o:f'the most energetic 
. 7 

. backward Be recoil in th~ labonatory system_. The exact expressions 

·f'or·F and B, assuming range .is proportional to·energy, for "thick" 

.. · . targets are deriv~_d by Winsberg. ~2 -

... This model for calculating- F and B ass.umes a constant pro'duction 

cross section for Be7 across.the t~get thickness. Expressions have 

been derived by Porile for cases where the cross section varies linearly -

across ·the. ta:rget.3 Calculations of .F ari.d 'B for both treatments were .'; . 

performe~ for the-recoil studies on aluminum, ·but the differences 

between F's and B's calculated by the two methods differed very~:little 

·except for ·very thick targets. ·In view of the uncertainties in :.the . 

. ran~e~energy c~ves used: for. Be 7' a~d _th~ ~s~~ption about- isotib:p~c ~ 
. CM emis~ion ~f Be7, the simpler ~onst~t cross section fo~~shave 
been used in the treatment of all_the c12 (He3 ,Be 7) data •.• · 
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APPENDIX III 

The Be7 center-of'-mass energy distribution based on a. simple 

modei of' double. alpha evaporation f'rom an o15 compound ·nucleus is cal- .. 

culated.in this appendix. The velocity vector diagram is shown in Fig. 

48. 

. ' 

··where p 5 momentum .. 

' ' 

· and . T = kinetic energy 

. Pcll = V (2) (4) (Ta:
1
)' 

CM of' 0~5 = ~(2)(4)(Ta1 )1 

v 11 --,~..---c ' ' . (11) 
.,.I• 

In the ~ rest system, 

t!' 

CM of' o15 CM of' ell 

> = ) 
lv v 

Be7 Be7 

[CMv~~ olT 
Be7 

= [CMvof cllT 
Be7 

+ {2) [CMvof ell J 
Be7 . 

,·. 

CM of' ol5· 
+ ) 

vll 
c 

[ lT CM of' 0 · .. 

+ v 11 . ' 
c ' . 

. [CM of Ql5] 
cose • ' v 11 ' 

' c ' 

·' 

.. 
l' 
I 

,,· 
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Fig. 48. Velocity vector diagram used to calculate the energy distri­

bution of. Be7 in the o15 CM system, using the c12 (He3;a
1
a

2
)Be7 

model. 
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Multiply t}?.e last eq_uation by (l/2)ID._se 7 to get· 

CM of o15 · · .CM of ell 
T · = T 

7 Be7 Be 
+ (tr) 

CM of o15 
Tll 
e 

· [CM of btJ-J ( ) 
. l ~- . 

+ 7. v 7' i\. 
· · ·. Be ~ . [

CM of o
15J 

v ll . co·se 
e ' . :. : 

If a
1 

and a2 come·off·at fixed energies,' then 
CM of eli-· d. C.M of o15 . , an 

.V 7 . V tl 
are constants and 

d 

CM of o15 
d T 

7 Be 

d case 

'dN 

CM of. Ol5 
= 

T 

Be . C 

= (7) 

--- ............. 

. 15. 
CM of 0. . 

d T. ·
1 \ 

i · Be7 

d~oseJ d cose ] 

Be · , I 

Assuming.dN/d case is eq_ual to one (Le., Be7 is formed isotropically 
,, ' 

in the e11 system) then 

dN 

[

CM of o
15J . 

v 11 ' e . 

The energy distribution in the o15 center-:-of-mass syste¥1 is now 

estimated assuming that all the excess energy of the compound nucleus is 
12 ':3 ·~· 15:' 

dissipated as kinetic energy. For. the e -frHe;•·':·= 1Q. ·~ reaction, the 

excitation of the o15 compound nucleus is 36.1 MeV when the He3 bombard­

ing energy is 30 MeV. To form Be 7 + a:x~··~ 17.8 MeV must be supplied, 

leaving the excess excitation of (36.1 - 17.8) = l8.3 MeV to be taken 
' . ' 61 62 

.off by the products. By analogy to other systems studied, ' the 

assumption that all the excess energy is carried off by alpha emission . 

may not be too bad. Emission of· .other· light particles ~ill not likely 

, . 
.. , . ~ 

'. 'l 

' . 
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lead to an eventual Be7 product because of energy·limitations (Appendix 
' . 

. VII). Both alphas must come off in their. gro'lind sta.teP,:; because they 

have no' excited levels below 20,MeV. Likewi~e, the re9idual Be7 h.S.~ 
j 

to be in, or near, its ground state. Its only bound excited level is 
. . 54.' . 
. at. 0.~31 MeV. . . 

The .energy distribution of' the first emitted alpha is taken to · 

be that shown in Fig. 49. ·· This figUre was drawn by analogy,. to a .c~ve 

shown i·n Ref. 63. .Numbers derived from. Fig. 49 which are necessary for 
. . . 

. this calculation are gi'Ven in. Table XVI. 

CM of o15 

(N2- Nl) 
= 

1 

. [' 11] ( 7).· CMvof C 

. Be7 

'"";'. 

CM ~f·o15 

[

CMvof 015] ; [T2 - Tl. ]Be 7 

ell . 
• 1(._·: 

. ' 

. The equation states that a.' constant Be 7 activity is found per unit energy 

interval in the o15 CM.' This squa.r~· distribution' will be .llounded by the 

m~ximum and minim~.·B~7 energi~s a.Va.ilabl~ .(Table .. Xvr).·. The final·. 

tesults of 1this calculation are ~hewn in Fig.- ·5o:> The heavy lin~ is,. 
. - ~. . ~~ \ _· . ~ 

ara.wn ·to represent the calculatec1 hi~togram~ .; ·~ ''· /" ._,''. 
!· 
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Table XVI. Numbers derived from Fig. 49 which are used to calculate the 
energy distribution of Be7 produced in double alpha evaporation from ol5. 

CM of o15 b llb ·. CM of o+~ c 
E ·. O'al (E)a 

·CM of C . J 
Min. al v~l v Max. E 7 '\ · . ·~ , .. 

Be7 Be .. 

3 MeV 34 0.445 .1.21 9·5 MeV 

6 17 0.630 1.02 9·5 

9 8 0.772 0.79 8.5 

12 5 0.890 0.44 .. 7-2 

a Arbitrary units· 

bThe vel~city units are (MeV/amu)1/ 2 • 

c . · · · · / ) ) CM of 0 . . [ 15 
Calculated ~ith the formula (1. 2 (7 vcll + 

CMvof Cll]2 

Be7 · 

CM of o15 d. 
E 

Be7 

2.1 MeV 

~·5 

o.o 

0.7 

I, ,, 
I' 

•' I 

dCalculated with the formula in.Note c, but using a minus sign •. · 

·-: . 

· .. · 

.·.• 

· ... 
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Fig. 49. Assumed energy spectrum of first evaporated alpha particle 

:from the o15 compound nucleus. 
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Fig. 50. Calculated energy spectrum of' Be 7 f'ormed by the evaporation 

of' two alpha particles f'rom o15. · 
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In this a:p:pendix it_ is, shown_th.at a·_stationary rtucleus emitting .. ,_.(,. 
..... ,:~ ~> •. ~~. ~-, ·,, ' I 

: a :product with a fixed. energy will give -a s qu8.re' activity distribution . ' 

·.·,:in a stack of catcher· foils~~~- The-diagram used for this calcti.lati~m-is.: .. 
··. "'.· 

shown in Fig~ 5L 
• •. c 

Since' the :pr6duct.is assl.nned to have a fixed energy, all of 'the 

- . given _:products idea.liy will stop on' the _surfac~ of a sphere·-' The ·:pr.o-_ 
·.~. 

-~ '· 
. blem ~s then .to show that'the:sph~e:are~/:fnterde~t~d:by ~ach unit -.. >· '· 

. ~- ' 
thickness of. _catcher foil is constant_~, I,ri·'the diagrain_ of' Fig. 51,· one· 

. ' . . ' ~ {' • . '\ ~ '. •"- " '-..- ,.: .. .· .: ·... !·,,: 
" catcher foil is represented· by· two ·ver.tical· .lines. -"' · · - '· 
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Fig. 51. Diagram used in the calculation of the activity profile for 

a s~ationary emitter. 
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• 
. Let THe3 = 31.2 MeV. 

, (4o.95)(TB~7)MeV·= (3.52)(T~e7)-(51.41)(TBe7)Me~ .+ 33.52 Mev2 

• 225~9 Mev2 + 380~2 Mev2 

Max., lab 
TBe7 = 24.0 MeV 

Now the maximum CM energy of Be 7 is ca1cuiated. · 

Tlab = 6.24 MeV 
CM 

lab _· {c2)t6.24) '_ 0.904 (MeV/mu)1/2 VCM - y· 15) -
':···' 

2.62 

. Max. ,CM 
v = 2.62 - 0.90 = 1.72 

Be7 

Max.,CM · 
1 2 

T = (2) (7) (1. 72) = 10.35 MeV 
Be7 
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.Range-energy ~ur~es forHe3 i~ variou~--~te~i~l-s ~~~d. in this .. ~-.. ~: ' .. 

... · work have been calculated by Rich and M8.dey, 29 Br'oml.ey ~d Almq_vist,3° ·. 

'' .. and Demildt. 3l Range:-ene~gy curves. for He4 .'io~s were c~tculat'ed from 

·' 

.. 

the .corr.esponding·He3 curves by the formula, . '• _'.; +, .. ' ~-I 

. R = · R (m/~ ) (z ;zY2 · 
0 .0 . 0 

'· 

Since' some of the same range-energy curves calculated from different 

sources differed .considerably from one another' it was decided finally h:: 
· to use a· set of self-consistent .• range-energy· cur·v~s computed for BeT in \: 

. various stopping materials by Altman. 60 When compared to the meager . . . · . , . 

. ·existing eXperimental data;· these curves predict range differences well,;'· ; 

and absolute. ranges fairly.· well, as is seem in Tab~e· XVIL': The only 

ex-Perimental data availabl~- on ran~e-energy;' c~:ve_s~:ior. beryllium are 

those ·for Be9 ions i~·alilminum.and gold~_~9 -. . ·:. ~. ,0:, . ~. .·. · ·~· 
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·Table XVII. 'comparison of experimental range-energy curve for Be7 in 
· Au with the calculated curve. 

!';. 

R ( calcula~ed) 
mg AlJ./cm 

R(experimental) &{(calculated) ; Art( experimental) 
mg Au/ cm2 ... · . mg Au/ cm2 . ': \ mg Au/ cm2 

3 MeV 5-3 '' '' 
: 2.9 

4 6.4 ).8 

5 
.. 

7-5 , 4.9 

6 8.6 6.0 

7 9.8. 7~2' 

B 11.1 8.4 

9 12.3 9.6 

10 
... 

10.8 13.5 

15 '20.8 .1].3 
,. 

20 29.0 24.1a 

25 38.1 31.5a 

aExtrapo1ated value. 

{ . 

f: 

::· 

'•, 

'. 
.· .. 

,. 

'~·~, 

l.l 

1.1 

l.l " ~ 

" '1.2 

1.3 

1.2 

1.2 

7·3 

8.2 

9-1 

·;: . ,: · •. -
'' ·' ·,. ' 

. ·,. 

,>;).:. 

0•9 

l.l 

.. 
1.1 

1.2 

1.2 
~ 

1.2 

1.'2 

6.5 

6.'8 \i 
!\ 

7.4 
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..... _j, 

015 = nl +'o14. 

o14 -~·Be!+· Be7 

015 H1 +-~4" 

He4~+B1q 
' ~--

Be7·+ Li 7 
· .. -' 

ol5 ·=.He3_· + c12-

- Be7 .+ He5 

7 ', '4' 
-.Be .-+ .. He ... 

- 20 + n1 

_ H1 ~- ·B10 :, 

Be7 ~ 
_·. 8 
Be-

·-

· .. 
t- ~ : 

... ~ 
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,REACTION 

He3 + He 4 = Be 7 

He3 + C?-2 = .He 4 + Cll , 

Be 7 ,.; Li 6 + H~ . 

•135-

'. 

' · .. ~ 

.~ .I 

. + J..6 Me~\· 
·, 

···+ 1.8 

. < 

Some calculated CoUlomb barriers are (R = 1.5f): 
'' . 0 4 . 4 .. 

He +He . · 

He3 +.Au197 

He3 + c12 

He3 + Fe56 

;He3 . +. ~107 .. 

He3 + A.J.27 
4 . . 15 

He out of 0. 

H1 out of .o15 ·!; .. 

4 ,• . ll. 
He out· of C. 

. H1 out of c11 . 

B 7 t. f 015. e ou .o . 

Be 7 out .of p30 

, ... 

... 

. ' 

. I 

. . ~·· 

,.·.:- .· , ..... 
• . ?'--. 

. . 1.2 MeV 

' . 

.20.8 

.. 3.1 

9·5 

. ... 14.6' 

'5.7 

3.0.' 

. 2.0 

2.2 

1.5.'· 

. .... 

. . 3-9:. 

8.9 
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APPENDIX VIII · · 

In this appendix the procedure u~ed to. separate.-Be 7 from ·aluminum· 

foils is giv:en. Beryllium and a11lmin~·. are very ·simiuJ, chemically. · .· 
... ," J • • • 

' ·. . . . . . ·. . . :~ . 

•.. . , There is,; however, a large difference in their· complexing behavior with 
'·. - ' - ·. . . ·. . .· . . - 14 --

. EDTA, in that beryllium is complexed weakly and aluminum· strongly. · 
. . . . -+++ '++ ++' ++ 

1. Add holdback carriers of· Fe . r Cu , Co , ,and Zn ... Add_ -
++ .. 

an accurately known amount· of Be •. Dissolve the A1 foil in concentrated· 

HCL ., 
2.- Add NaOH (this serves as a carrier.· also) iri -large excess.· 

· .. 
• ' 

Keep the test tube cool in an ice bath. _Th'e beryllium is now. in solu-. ·:. ·. ,· 

:- . tion since _Be:(OH) 2 is soluble in excess NaOH. . :-·. 

. 3 ... , Centrifuge and discard t_h~ precipitate ·which corisist,s mostly •; ·;. 

•· of Fe(OH)
3

• ·.Make the solution acidic with concentrated HCL . ~, ·, , .. 

· . 4. Add approximately 10 mi. ·of 10 per<;:ent EDTA. Add excess 

concentrated NH4oH. EDTA st~ongly coinplexes all the carriers except. 
t,. 

Be. :Be(OH!2 ~s insoluble in excess NH4oH. · ... . . . 1 

5. -·.Centrifuge a!ld discard the supernatant· solution~ Dissolve'\: .... 

the Be (OH)
2 

in HCl. Dilute and add more EDTA~: Add excess NH40H. · 

6. !:Precipitate J3e(OH)2 four times in .the presence of EDTA:' as 

in Step 5. Then precipitate Be(OH)2· thre~ times without EDTA'to insure· 

_that Em.A is qompletely·removed. Wash the Be(OH~2 four t~es with dilute 

· 7. The final precipitate is now radiochemically pure and in one .. 

analysis· c~ntained by weight 100 parts Be. and 0.3 p_B.rts Al •. No·. other · -, 
. . . 

emission lines appeared in :the spectral.analysis~ 
. ... .·.;, 

'/. 

~-·· ,. Jr ,• 
..···. 
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·f. .-"' · •...• / 

., 
·' ·= .;- ::,."- .. 
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APPENDIX IX 

Since in many low cross section experiments, i~ is desirable to 
. ~ . 

use as high a beam current as possible without damaging the target, the 
. . : 

following limited compilation of beam tolerations of var,kous targets 

is included in the hope that .it will save a certain amount of dupli• 

cated e:f'fort. 

· Unless otherwise noted in the ''Corrnnent" column, the collimation.: 

was l/2.inch or larger, and the target was a stack of foils. Stacked 

targets were always water cooled with deionized wat~r. Bombardments 

were long enough so that equilibrium between beam heating and heat dis-
. . 

sipation should easily have been established. A provision for randomly 

directing the Hilac beam over the target surface was usually use·d in He3 

·.bombardments. . This has the effect of increasing the beam intensity a 

given target can take without damage~ 

TARGET. 

Polyethylene 
(2.85 mg/cm2) 

Polystyrene 
(3.2 mg/cm2) . 
alternated with 
Al spacers 

C(carbonized filter 
paper) 1 · -

C (carbonized filter · ·. 
paper) . _ · 

_A1(3 mil) 

: Ni (1/2 mil) 

Ni(l/2 and 1/10 mil) 

Au(l mil). 

AVERAGE BEAM INTENSITY 
4' 

30~ of He (++) incident 
-·at 48 MeV · 

4 . ·. 
3m~ He (++) incident at 

·. 48 MeV 

- 4 
15~ He (++) incident 
at 48 MeV · 

450m~ He
4(++) incident 

at.85 MeV 

500~ He4(++) .incident 
at 80 MeV 

500m~ He3 (+) incident 
at 31.2 MeV 

. 32Qn~ He3 ( +) incident 
at 31·:·2 MeV 

-. 820m~ He3 ( +) incident 
. at 31.2 MeV , 

.·. 

.. 

COMMENTS 

Stack fused 

:. Stack undamaged 

·Stack undamaged 

Stack 'Undamaged 

.. 
.Stack undamaged 

Stack undamaged 
'· .. , 

Stack undamaged 

Stack undamaged 
0 



'' ·.-~:.. .. "' ' .. 

' . ~' 

,.· 

'' 

.. "('· .. · .. 

. ~ ' 

T.ARGEr 

Ag(l mil). 

··,··. 

• .•. '.• • • 'l -~ '•, 

-1.38-
. '•' ~· . ' ' 

.·.: 

:,.. . 
~ ' . . 

~ -' . -· 
" •. ~- '-~ ,. -;. :..... . "· ., t 

t ':i .. . ' . I ' ' "'- <:~ • i. AVERAGE BEAM INTENSITY · -•: . COMMENTS 
~ ·'.~ I:( "r,>,' " _,· 

·:' .~ · lO~Omf.ta He3 ( +S · ~ciaen~ ~\ .·~ . 1; ._.·stack undamaged 
-• .at .31.2 MeV_ .. · · · · .... ; ·.:~ ... 

..., .. · 

I. 

. . ,. ... ' ·- " ;. ~. . ·.• ; ... -... ~ ., (' .~ 

· Ag ( 1/10 . mil) · _ ; :: : .::· / 13 Omf.ta He3 ( +) irl~iderit :. ; .. · ,: . :: :; Stack undamaged _ 
> ,· , .. :·.·.. . ·'at. 31.2 MeV<'· · · ... ' .. ,, 

C(carbonized .filter·~:-~ · .320mjJ.a. He3(+) .. incid~~~·,;:':: Stack undamaged 
paper) · at 31.2 MeV · ··.;.;·::· 

· Pb(l mil).· . ' ~. 

... _ ....... 

Pb(l mil) 
. ~ ' 

500mjJ.a He.3 ( +) incident :.. 
• \ . .i ... ~ 

at .31.2 MeV · ·~ ·· , ·· 
. . . .\"-··: ' - ''', 

Quickly put hole . 
·_through e:ntire 
'stack 

. . ' 

·.· '·.: ·: .. 60mf.ta He3 ( +)· inc~de~~ -~ · · :Stack undamaged 
· ·· · ... • at 31.2 MeV : · · '· · ·: • :· ·•·: · 

·.~ ' ' . ' . ., . 
, . Polystyren2 ·. . -· '. · ... ·:.. : · ~< 25zn!la .. He3 ( +); incident~. _ · , · .. ,· :. :1~·· Stack undamaged 

(2.4mg/cm) · .. ···._ .-- · ·.-·:"'·at 31.2-MeV \ · .,· · · ... -· ·-- · ' 
alternated with . , · · . .· "· ·' · ._ .:;-·. 
Al spacers ...... 

Sn(l i?-il) 

Most of the foils 

... " 

· ., Fe(l/2 mil) ' .. :. _:_ :- .:· ~- · :· ·.·• 900 mj.l.a He3 (+):·incident· ·. ·: .. 
. ... ·.at 31.2 MeV.· :·' .. ; · '.· ... ·' < ·.~: · 

, . 
·: .. were undamaged; 'but 

stack could not 

'. 
Al(l.mil) 

I.· 

· Polystyren2 · _ · , ' 
.·. (2.3 mg/cm ): · :- · 

Single2 780 m:i..crogram . 
per em· carbon film 

- _t;-. 

'·' 

\. 

. . ~ 

'., .. \,. : :~ 

. ".~ ' 

6 ; 3( ) . OOmj.l.a Ji!:e.. + · incident 
·at .3L2 MeV .. . 

~- .. -. . •: ... ' 

~. .•. '' ,.. . : 
. ,·, 

~- . _, ... 
. .. 

•. ~ ....... 

·-~ ·' •. 'l_, ~ • .,~~.:f .. "~· A· 

.• · .• 1· t, -... :.'!• . .- . 
·-~. 

_'i':; 

.. 

·~; 
.•. 

'. 

., . 
,: 

- '. / ~- .. , .. . :.· \ 

.. .. · 

',f 

''·· ; . - , .. 
· .. /· 

•• ·~,.,.. ., :. " t 

.·,: · .. 

'' 

. I 

· Uncooled, l/8~in. 
.. 'collimation, film· 

, · ,undamaged ·, ·. .. 

.~ ·~ 
-~· 

" . . .. 

.· .. ·~' 

\. ,' ." 
"-..·.L-..,:.·-!..;..::"~--

: . 

. .. 

.... , 

• .. 
' ~. ' ·t ·•'; 

\. 

., 
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When the.total beam flux from a run is read on a beam integrator, 

the.tot~i number of beam :particles can be. obtained as follows: 

. 1 J.Lam:pere 

!.· . 

= 1 ·Coulomb X 10-6 
second 

= 0.625 X 10+13 hl 
sec . 

. ,· 
.. 

! ,, 
! 

Coulomb ·~, ,+Jroton · . 10-6 
second .x ·1.6 X~t'l0-19 Coulomb X . . 

'. .. -

I 
! 
t 
! . l 

1 

l 
! 
t 
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