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This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, aor
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process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
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I. TNTRODUCTION

falendar 1973 saw the completion of three major recoil charge-state
Frojects: the calculation of slectron capture and loss oross sections
of boron-ll recoils in boron (desecribed In Section A, below), the
experimentel determination of lithium-6 and beryllium-9 charge-states
{Bectiom B), and the analytical solution of the capture-loss equations °
for the cross sections, independently of the choice of a primary
charge-state distribution {reported in Section B also).

More accurate values of pome capture-loss cross sectlons
of boron and cerbon ions than had previously been reported are given in
Bection €, below.

In 1973, work has been begun on the charges of recu&ls from hesvy-
lopn-induced reactions. While the new heavy ion source, expected in
August of 1973, has not yet been instelled in the Van de Greaff
accelerator, we have begun our heavy lon program with axygen*lﬁ fons
vhich are already sveilsble from the old source. This work is described
in Secticns D and E.

A pew low-level counting project has been begun, the first chlect-
Ive of which i= to search for neturel a2ipha activity in fairly heavry
elements. (See Section F, below.)}

Various improvensnts and advancements in dha experimentnl methods
used in our cherge-sztate programs are degeribed in Sections G, K end

J, balow.



IT. SUMMARY OF RESEARCH

A, Charge-Changing Cross Sections of '2B{d,d)*1B Recoils

This work, discussed in Section B of last year's report, has
been completed, Following is & preprint of & paper by E. V. Meaon, Jr.,
F. L. Wolke, T, W. Debiak and J. I. Yesso, which i3 in press in the

Fhysical Review,

ABSTRACT

Equilibrimm and pre-equilibrium cherge-stete distributions have
been measured for 1B recoils at & velocity of 11.1 x 107 cm/sec from
11p{a,a} elegtic scattering in netwral boron targets. A coupled sei
of linear differentinl equations describing the captuwre apd lossz of
electrons hes hean derived for jons recoiling from nuelesr protesses
in golids. Tt has been used to obtmin electron cepture and loss cross
¢ections from the 1R reenil data. The resultz sre consistent with
the exiztence of wvery little two-electron capture or loss end, vhen
conpared with previoue results in gReeous media, do not show any

pronounced effects of residusl lon exeltation.



TNTRODUCTION

Heavy ions traveling through matter at high veloeitiez
azsume a distriobutlion of charges resulting from electiron capture and
loss interactions with the atoms of the medium. Betz! has reviewed
the existing experimental and ilhecretical treatments of the system in
which a beam of ions in wacuo, wsually from an accelerstor, is incident
upon & gaseous or solid target. For such a system, the approach to an
equilibrium distribution of charge-states can be described by a coupled

get of linear differential equations:

#ﬁﬂl = Llola',q)¥{q") - o{q,q")¥(g)], (1)
qi

where ¥(g) is the fraction of the pre-equilibrium beam in the charge
stete g and o(q,q') is the cross section for eleciron capture or loss
by a ground-state ion of charge q.

Recently a method has been reported® by which one can
rmegsure the charge-atate distributions of ions receiling from nuclear
reactions induced in the target medium itself. Experiments
of this type have z two-fold objective: (a) to dbservelthﬂ primary
distribution of charge-states with which the recoils are formed by the
nuclear reaciion before they have had an opportunity to intersct
substantially with the atoms of the target medium and (b) to obtain
vaiues of the cherge-changing cross sections of the recoils in the
térget medium from the varistion of charge-state distribution with
target thickness. The set of differential equations {1) cannot describe
the experimentally-observed charge-state dietributions of such recoils

because, vhile the iong in an incident beam ml) traverse the same




amount of target material, nuclear reaction reecils are produced at
all depths in the target and therefore traverse different amocunts of
target material belore emerginp.

The first observebtion of & non-equilibrium charge-state
distribution in the recoils from an elastic scattering process was
reported in Ref. 2. The present paper describes the experimental
method used in these experiments, reports the further cbservation of
non-equilibrium charge-state distributions in the recoils from the
11p{d,4) !B process, and develops a method for ealeulating charge-

chariging cross sections from the recoil charge-state dgta.

EXPERIMENTAL ARRANGEMENT

Deuterons at 4. L0 MeV from the University of Pittsburgh
three-stage tandem Van de Greaflf accelerator were scattered elastically
from natural beron films ranging from 0,03 to Sh.2 pg e~ 2 in
thickness. Boron=l11 recoils at 15° to the beem with an energy of
7.00 Me¥ {11.1 x 10° cm sec™!) were magnetically analyzed in an Enge
, 8plit-pele spectrograph and detected at the focal plane by partially-
depleted, & x 30 mm silicon surface=-barrier detectors, biased to
depletion depths of AQ p.

A diagram of the experimentzl arrengement is shown in Fig. 1.
The target end entiscattering slits S5 and &4 were 2 pm by 1 mm and
3 mn by 2 mm (horizontal by verticml), regpectively. After passing
through the terget, the beam was collected in & Feraday cup containing
an electron suppressor ring tiased st -270 ¥, and the bean current was

integrated., Recoils in three charge-states were counted simultan=cusly.
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Tigure 2 is a block diagram of the slectronies. Pulses from
the detcctors were anplified and shaped by preamplifiers, amplifiers
and postamplifiers, end then routed into 256-channel subgroups of 2
4096 chennel muliichannel analyzer. The time constant of the main
emplifiers wes 1.6 psec, a value which waz chosen for maximm
olectronic resolution. Thig time constant was less then the ~ SO pgec
busy-reject lime constant of the analyzer, 20 that some of the detector
mLlses weye rejected. However, m clock pulse was generated by the
currert integrator control circuitry for every 2 uC of charge .
collected in the Parzday cup and was fed into the analyzer. Since the
clock pulses were subject to the same busy-reject criterion ss the
detector pulses, they provided a nermalizetion of the integreted
charge-state spectra which was independent of counting rate. The
analyzer's dead-time was typlcally ©.1% when three B recoil charge
state spectra were being analyzed simultansously.

The targets conslsted of 99.1%% pure crystalline natural
boron, evaporated st £ 5 x 107% torr by means of an electron gun onto
0.1-mil) nickel foils, The thicknesses of the deposits were monitored
during the evaporaticons by a quartz erystal microbalance. However,
because the latter was subject to temperature drifts caused by the
nigh evaporation temperatures which were necessary, the thicknesszes of
the tergets were determined more accurately by counting either the
number of deuterons scattered elastically from !B or the total number
of *1B recoils reaching the focal plane of the spectrograph per micro-
coutomb of incident deuterons. These measurements were calibrated on
targets whose thicknesses were determined by weighing on a Sertorius

electronic microbalance. The calibrations obtained were 900 + 133
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elpstically-scatlered 10.00-MeV deuterons at 50° (lab) per 100 pC of
ineident beam per pug om ® of Lovon target and 2024 £ 166 7.00-MeV 113
recolls in the 3+, b+ and 5+ chsrge-states at 15° {lsb) per 5000 uC
of incident beam per pg cm © of boren target. Target thicknesses
above 0.5 pp cm™? were determined by deuteron counting. Because of
interlference from the Ni backings, however, target thicknesses below
0.5 ug cm™® had Lo be determined by recoil counting. This method
depends on the azzumption that while the charge-state diztribution
may vary with target thickness, the total production of recsils in Lhe
three delected charge-states per ug om = does not changa. This
assumption was tested by searching for I1B** recoils as a functicn
of target thickness. Their abundence was found to be congistently
less than 2% throughout the range of thicknesses used, sc that the
total number of recoils in the other three charge«states could not
have varied substantially. Significant changes in the numbers of
nevlral and singly-charged recoils, unaccompanied by a change in the
2+'s, were thought to be extremely wnlikely.

The total energy resolution of the experiment for B recoils

was about 150 keV.

CROS5 SECTION CALCULATION
In order L0 obtain charge-changing crogs-sections from the
varigticn of pre-equilibrium charge-state distribution with target thiek-
néss, we represent the change dN(g) in the number of recoils of charge g
leaving & target thicknesr slement dx ag a combination of three terms:
the number of recoils of charge q formed within dx by the nuclear

reaction, plus the number of recoils of charge q formed within dx from
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recoils of charge g' entering from previous thickness elements, minus

the number of recoils of cherge ¢ which are transformed within dx into recoils

of charge q'.

dn(a) = o Nidx + Zlolg g {a') - ola,a’ )0 (g)}lax (2}
ql

where dq is the ¢ross gsction for the production of recoils in the cherge-
stale q, i.e. for the reaction ?{a,n}wq, H; iz the number of projectile
particles entering the element dx, N'(q) is the number of recoils of
charge q entering lhe element dx, and N{q) is the number of recoils of
charge q leaving the elament dx. Since the target ié only a few pg cm ®
thick, H; is constant throughowt the target and may be dencted simply a=
N . Also, N{q) from ons thickness element iz N'({q) for the next, so that

Eq. (2) can be written

W) op + Zlola',ala’) - olaa (@), ()

Jince %;Dﬁ = 5, the totsl cross section for the nuclear reaction ¥{a,b)W,

L R(q) = an_x. (k)
q

The detected recoil charge-state fraction Y¥(q) differs from
the detected charge-state fraction Y(q) in & beam experiment in that
¥*{q) is the swn of charge-stste gbundances produced at all target
depths:

Y*(q} = N{qJ%H{q)- {5}
Using Eqs. (4) and {5) and their derivetives, and substituting into

Eq. (3) yields

d;:fq} + :"*iqj = Yniq} + %- [olq’,a)T*{q"') - a{a,a' }¥*{a)], (6)




where ¥°(q) i= cﬁfﬁ, the fraction of charge q in the primary distribution
of charge-states produced by the nuclear reaction itself. If the primary
charge-slate distribution is known, electron capiure end lozs crose
sections for the reccils from & nuclear reaction cen be calcoulated hy
nurerical 1nteér&tiun of the set of differential equations (6).

In the present calculation the capture and loss cross sections
were obtained by means of a computer program which periormed a Runge-
Xutta-Gill nwnericsl integration of Eg. {6) to determine a weighted
least-squares fit to the experimental data. Trial cross seciions were
varied independently by the program until a 0. 03% change in the value of
any cross seclion failed to deerease the least-square sum.

The slectron capture and losg cross sections in Ega. (1} and
(6) are for iong in their ground statea, whereas the experimentally
cheeryed charge-~gtale fractions are the result also of capture into and
loags from excited stetes and of the emission of Auger electrons by
excited ions. 1In the primary charge-state distribution which is emitted
from an extramely thin targei, any excited ions can change their charges
by Auger processes in flight, sc that the charge-state distribuiion
which is actually detecied (in the present experiment, some 0.2 psec affer
the nuclear reaction) msy differ from the primary distribution to the
extent that execited recoils are an important component of the primary
distribution. 1In & thicker target, on the sther hand, the primary
digtribution is firsi modified by capture and loss interactions with
cther target atoms (this takes the order of 107'*% gee in the thickest
target of the present experiment) and only then escapes into the vacuum

system where the relatively-long-lived Auger transifijons take place. Thus,
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in attributing the variation of the observed charge-state distributicns
with iarget thicktiess eniirely to the capture and loss interacticns
wilhin the targets, ihe differential equetions (6) implicitly assume
thai the uvltimate Auger de-cxeitation processes are not strongly dependent
upon the detailed cepture and less lnteractions to vhich the recoils are
subjected before emerging from the target. Thiz in turn implies that the
populations of excited states, i.e., the average excitations of the
varicusly-charged ions, are subslantially the zame tefore and alter Llhe
primary recoils undergo capture and loss interacfiuns in the target.

These assumptions may be avolded by interpretiné the cross
gactions obtained by integration of Eq. (6) es including the excited-
St&terprocesses, that is, as o%'s rather than o's:

o*{g,a9') = olq,q'} ?ai(qlq') + 0, (0,9") {7)

where ui{q,q'] is the cross seciion for the formation of charge ' from
an jon of charge q in the excited state 1 and nA{q,q*} iz the Auger
elaectron emission cross section for Lhe formation of charge qf from an
jion of charge q-

In the few-electron ions which are the subject of the present
investigation the population of excited states iz probably small and
Auger de-excitations are consequently not an important influence on the
chierved charge-state distributions, especially since Auger eilectron
emission is pﬂsaihlé from only one of the three observed charge-states:
B**, Thus the cross sections o* probably do not differ szubstantially

from the ground-state cross sections a.
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RESULTS AND DISCUSSION

In Pig. 3 the experimentally-dctermined charge-state fractions of
113+ 11pd+  gnd LIP5* recoils are shown as & function of terget thickness.
In computing the charge-stabe fractions from the counting data, the
numbers of 11 B** recoils were neglected since they were pot determined
gl every thickness. If the actual numbers of 1YFP* recoils were in-
cluded, the resulting changes in the charge-state fractions would be
gmeller than the stetiztical =tandard deviations shown 85 the vertical
errer bers in Fig. 3. 1

Electron capture and loss cross zections o¥(q,q") calculeted by
numerical integration of the set of differentiml equations (6), using the
charge-state distribution from the 0.03 g om“% target as the primary
distributien, are presented in Table I, The distribution from the 0.03
pg cm~? target was chesen teo represent the primary charge-state distribution
for the purposes of the ealeulsation because it offere@ the closest possible
experimental appreximation to a target of infinitesimal thickness. While
the actwal disposition of boron atoms on the nickel backing foils of the
targets is unkeown, a thickness of 0.0) pg an™® is equivalent to an
average of less than one atauic layer of beron. Since the computer
program's convergence criterlon was hased solely upon minimization of the
least-square sum, the statistical errore being incorporated only as
weighting fectors, no easily interpretable errcrs ecan be assigned to the
resulting crosg sections of Table 1. However, a rough fesling for the
gengitivity of the method can be obtained from the faet thet s 120%
change in the values of all four opne-alectronh cross sections moves the

curves of Fig. 3 up or down by about one statistical standard deviation,
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on the averaspe, in the region between 0.2 and 20 pg cw 2,

The crosa sections shown in Table I for the capture or lozsa of two
electrons cen be said only to be =mall eompared with the one-electron
eross sections. The actual velues of o%(5,3) and o*({3,5) could not be
fired accurately by the computer cileulation becanse of the size of the
experimental errore ond because these procegges interact very weakly with
the set of differential eguetionz {6).

Wikcelasy, Dmitriev, ot al.j’h obtained the three one-electron capture
and loss cross sections o(4,3), 5(5,?} and o{4,5) for boron ions in gaceous
targetz of helium, nitrogen, argon and krypton. - The eross sectionz showed
a dependence on the atomiec number of the targel gas, the lowest values
being in He and the highest in Kr. Our velue of o*(L,3) in B iz the same
as the Ref. 3 value of g(%,3) in Ar (0.3 x 1071% o2 fatom}, while our
value of o*(5,4) in B falls between the Ref. 3 values of o(5,4) in He
and N, (0,08 and 0.3 x 107'® cn®/atom, respectively). Our value of
g*({4,5} in B falls between the Raf, & values in N, and Ar {0.04 and 0,06
x 1072¢ cn® fatom, respectively, and our value of o*(3,4) in B is the
same as the Ref. 4 value of o(3,4) ot 8 x 1% cm sec”? in Ar and Kr
(0.5 x lﬂ'ls.cmefﬁtﬂm}. These similarities between the one-slectron
capture and loss crosgs sections in gaseous and s0lld medlse are in dis-
agreement with the expected differences due to residusl ion excitation,l’E’ﬁ

although, as pointed ocut above, it is poszible thet excltation does not

rlay a mejor role in the highly-stripped ions of the present expariment.
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Electron Capture and Ioss Cross Seclions,
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Pig. 1.

Fig. 2.

Fig. 3.

15

Beam line and Enpe split-pole speclrograph (not to scale}.

5, 5 a virtual sliy at the focus of the switching magnei, Sa
is a divergence-limiting slit, S, is lhe target slit, Ss is

an antiscattering slit, and S iz the entrance 51it of the
spectrograph.

Block diagram of the electroniecs used ip the detection of !B
regails, Model rwmbers of commercial cireuits are shown:

ND = Ruclear Data, IC = Tennelec Corp.

Charge-state distribution of 7-MeV !B recoils from the elastic
1'B(&,d) reaction, as e funclion of thickness of natursl boron
target. The curves have been fitted to the experimental dala
by numerical integration of Eg. (6) wusing the cross sections of

Table T,
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B. Cherges of Lithium end Beryllium Eecolls:
Analitical Solution of Electron Capture-Ioes Equations

In the work demcribed in the preceding &ection, elsctron
capture and loss cross sections were cobtained by & numerical
integration procedure. During the paszt year & method has been
found for sclving the coupled set of capture-less differentisl
gquations analytieally. In this method it is unnecessary to mesume
8 primary choarge-gtate digstribution; it emerges from the caleulstlion.
The method has beenh applied, not oniy fto the dete previously reported,
but £o & geries of new measurements on the SLi snd ®Be recoils from
the 1°B(4,°Li) and 11B(d,qa) reactions.

The integration itself iz described in detail elsewhere [Ted W.
Debiak, Fh.D. thesis, University of Pittsburgh, 1973) and is soon to
be published; it will therefore not be reproduced here, Employing
the integrated egustions, however, the crogss-gssetfions for capture
and loga of electrons in beron by '%B from the 13¢8(d,x " reactien
and 1'B from the 1'B(d,4)''R reaction were caleulated, using the data
from previous experiments in our laborstory mnd the least-zquares
fitting routine LESQ. An iterative technique besed on a Taylor
expansion of the weighted least-squares sum, ¥?, a8 & funetion of each
unknown parameter was employed to find the minimum value of »2.

The two-slectron capture and loss cross-sections, o(3,5) and
a(5,3), caleuleted by this technique were strongly negative for both
198 apnd 178, Since multiple capture and logs of zlectruna ia expected
to be negligible for boron ionz at 11,1 x 107 cm/sec, thess crosa-
gsections were zet egqual %o zero apd the four single-electron capture

and loss cross-sectiona were caloulmted. The resulting cross-sections




are the same, within the gquocted errors, &% these obtained by the
mmerical integration metheod.

The experinpentally=determined cherge-state distributione of
°Be recolls st 17.4% x 107 em/sec from the 1B(4,o)°Be reaction snd
°Li recoils at 18.% x 10° em/sec from the °B{a,*1i}*Li reaction
for nine tergsts ranging from C.16 pg ew® to 16.78 pg em*? in thick-
negs are shown in Table B-1, in which Yi(Q) represents the abundance
of & recoil of charge g. The blank spectra were integrated over the
appropriate peaks and subtracted to obtain each net charge-ztate
abundance; the appearance of a negative maber in Table B-1 thus
indicates that an abundance waz glightly greater in the blank epec-
trum than in the target apectrum.

Tt wes found that the sbundance of "Bef+ fons waa ~0,.45% in tar-
gets of thickness sbove 1.49 ug cm™®. Since the beam time required
to determine Yr[E} for beryllium wes congiderable, measurements
wera made 4t only three thicknesges. The resultz are shown in
Table B-2. From & comparison of Tebles B-1 snd B-2 it is seen
that the effect of the presence of ?Be®* on the charge-state dlstribu-
tion of 9Be from the 1 B{d,y)*Be reaction is negligible.

The ®°Li equilibrium chargs-state distribution agrees with that
determined in carbon foila at 18,4 x 10F cw/sec [H, Stocker and E. H,
Berkowitz, Can. J. Phys. 49, &30 {1971)). WNo further direct compar-
igons with experimental data can be tmade, since ne ebther published
data exist for berylliwm or lithium ions in any medium at velocitieas
sbove 12 x 10° om/sec.

The cross-sections for capbure and leas of slectrens calculated

by least-squares anslysis, using the anealyticel solution of the




Number
B0 #*
B5Ok
BSOo*
B526
BSOg®
B519
BS16
B31T
B512

Tabls B-1,

Charge-state distributions of ®Be and ®Li jons as & function of thickness

“Be fram '18(d,o)"Be ®11 fram 1°B{a,5Li)fIi
%ﬁ:‘:ﬁf% Y (3) (%) 1 (&) (%) ‘fr(ﬂ %) Y (3) (%}
18,76 + 0.67 14,39 + 0.19  85.61 + 0.57 Lok + 0,21 95.96 + 1.0k
15.02 + 0.61 15.87 + 0.29 86.13 + 0.9V 2,80 + 0,26  97.20 + 1,73
11.76 + 0,52 14,60 + 0,26  B5.40 + 0.81 3.17 + 0,52 96.85 + 1,50
9.75 * Q.53 13.76 * 0.45  86.24 + 1.45 2,61 + 0,42 97.39 % 2.5
1.k9 + 0.08 15.67 + 0.4 86.33 + 1.61 5.7 + 0,60 oh.53 & 2,99
0.32 + 0.02 8,91 + 0.60 91.09 + 3.24 L.78 + 1.T4 95.22 + 5.35
0.26 + 0.02 9.83 + 1,30 90.17 + 7.76 “2.TT * .92 L0277 & 1247
Q.21 + 0.02 14.65 + 1.45 85.35 + 1.61 3.0 + 5.69 96,95 + 12.56
0.16 * 0.01 1152 + 1.k1 88,48 + 8.78 =160 + 7.48 101.60 + 14,20

% pe?¥ charge-state fraction is not included.




Target
Fmber

B

B502

BH09

Thickness
[ =4 }
18,78 * 0,67

11.76 + 0.52
1,49 + 0,08

Y. (2) (%)

0.58 + 0,0k
0,40 + 0,05

0.46 + 0,16

Table B=2. “EB= charge-state distribution including the *Be?t cherge-state

3Ba from ‘'B(d,4)*Be

¥ (3) (%)

14,32 + 0.1%
1h.54 + 0.26

13.60 + 0.%9

1 (4) (%)
85.20 + 0.57
85,06 + 0,01
85.9 + 1.59

on



capture~loss equations and the date of Tsble B-1, are shown along

with the calculated primary chérge-state distributions 3; {(8) in

Tahie B=3. 1In thegs caleulations it waz assumed that the welght

of esch data polnt was solely determined by the statistical ﬁncer-

tainty in the charge-ztete froactions, since the uneertaiﬁty in

target thicknese 15 a combination of the statisticsl uneertsinty

in the totel mmber of recaiis obtained from the welghed targetsz

and in egnh dmta point., The charge-state distributionz observed

in the thinneet target (0.1% pg cm=®) are lieted in Table B-3 for

comparison. The curves generatad from the data of Table B-3 are

ghown in Fig. B-1 for ®Be recoils from the 1L B{d,y}*Be reaction and

in Fig, B-2 for ®*Li recoils from the ”B{E,E‘L:i}a_l.i reaction. From

the curves of Figs. B~] and B-2 it can be esen that the charge-

state distributions of *Be ard %Li recoils are nearly independent.

of target thicknese, This is similar to the behavior of boron b+

recoils from the 11B(4,4)'18 and 120{d,o L %E reaction as a functicn

of target thicknesz from the data of Sorbe and Mason., As a'résult,

only uppér 1imits can e masigned to the cfoss-sectinns of Table B-3.

However, the calculated primary ch&rge-gtate distributions. from the

11B(3,0)°Be and °B{d,°Li)°Li reections are ascertained with greater

confidence, | -
Another =spect of the work described in this section ﬁns to

" determine the dependence of the ratiosel equilibrium charge-state

Practions of beryllium ions on velocity in the.feginn beﬁween

17.% x 10P mnd 18.2 x 1P en/fsec. A comparison of these date with

results ot lower velocities can be used to teat the preveiling mod&l

of the "density affect" in solids [H. D. Betz and L. Grodzins, Phys.
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Figure B-1. Flot of the cherge-state distribution of ®Ba recolila from

the 1'B{d,~*Be reaction in boron tsrgets fram the data
of Table B-1. The vertical error bars are terecinated by
ghort horizontel lines which o not repreasent the mag-
nitude of the errors in target thicknesg. The curves are
fitted using the cross-sections and primary charge-state
dizstribuotion in Tmble B=%, The primary charge=-gtate
fractions are plotted on the left-hand axis.
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Figure B=2, Plot of the charpge-gtate distribukion of fLi recolils from
the 1°B(d,%Li)*Li resction in boron targets from the data
of Table B-1. The vertical error bara are terminated by
short horizontal linee which do not represent the mag-
nitonde of the arrors in target thicknesg., The curves &re
fitted using the aross-gections and primery charge-gtata
distribution in Table B=3, The primary charge«gtate
fractions are plotted on the left-hand axis.




Table B-3. Single-electron capture and loss cross-sections

and primary charge-state diatributione salceulated
am the analytical golution fer two charge-states

Cross-Sections Primary Distributicn
3 ha) (o) BONE B8
11B(d,0)*Be 1.7+ 24 0.280+0.39 9+ 2 9L + 2

{11 + 1)» (88 + g}

(2,3) o(3,b
(;zfug} {em® /) T:..(EH%} 1:,{5){‘5)

1°B(4,°11)°Li 1.8 + 8.7 0.06 + 0.30 8 + 2 92 + 2

(-2 + T)* (102 & L)

* Charge-stete diztributbions cbserved in the 0.16 pg om™ target,
from Table B=l,




Rev. Lett. 25, 211 (1970)], This aspect is described elsewhere
[Ted W, Debisk, Ph.D, theals, University of Pittsburgh, 1973) and
is soon to be published; for the present purposes it may be noted

thiet the dats support this model of the density «ffect.
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c. -EqF!1_En1usz_9i_ﬂan1u:=:Lnﬁa_§:§ﬁ§_sgniinns.ﬂf
°B, 178 and '¥C Tope in Boren sud Carbon
'f's': = <

Az mentioned in last year's annual report, the 1°B, !B and 12C
capture and logs cross-sections, cslculeted by nuerical integration
snd reported ln Table C-I of that repert, were cunsidered bo be |
preliminary, sinee convergence had not yet been attained, Further
computer calculations using the code RAVEYX have resulted in conver-
gence of the electron capture and loss crogs-sectlons to the walues
shown in Table €1, For °8 ions from the '2¢(d,0 ' ?B reaction,
the final crosg=section calculatlonz wsing the data from the anoma-
lous .15 pg o™ (thinnest) target {see Fig. C-1 of last year's
report) as the primary charge-state diafrihutiun wers unsuccessful.
The date from this .t&rget have persistently remained lnconsiatent
with any of our calculational methods thus far. The !®B cross sec-
tiong repﬂrted in Table (-1 were therefore obtalned by using the
data from the second thinnest target az the primary charge-state
distribution in the numerical intagrntiun.

For the 1B recoils from the 115{s,aY B reaction and 3¢
racoils frnﬁ the 12¢(d,aM2C reaction, the curves generated by code
ODIN using the crose-sections of Table C-1 were indistinguishsble
from those shown in Figs. B-1 end C-2 of lagt yesr's annual report.
Since the crose-sections of 198 ions from the 120(d,0 PP reaction
in Table C-1 were calculated using & primery charge-stéte_ distribu-
tion diffarent from the one used to genarste Fig., O-1 of last yuar's

armual report, the revised '°B charge-state diztribution éurve,




Besction

1l B[d,d ]115
13ﬂ{d,ﬁ)lﬂﬂ

13G[d,d]‘“ﬂ

ot determined

Table C-1. Electron capture and loss cross aectlons of boron and carbon recoils

Recoil ?Elﬂﬂitx
(107 cm/sec)

11.1
11.1

8.4

2.7

2.2

1.3

Electron capture=loss crosg=-gactions {m’fp&l

g*(3,5) a#{h,3) a¥{k,5} g%{3,3)

<1 OmoF 1.4 0,3 <10~8F
0.03 1.1 0.4 L0784
<t06¥F 0.7 0.1 <Lo-8%

o*(5 4
Q.9

1.1

Q.7
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based on the "primary" charge-stete distribdution from the second-

thionest target, 1= shown here ag Fig. C-1.

D. fRecoils from the Y2C{(%0,0)"*Mg Reaction

Work hes begun on the determipation of the charge-siate
distributionz of recolls from heayy=ion-induced nuclesr reackions.
A multirdcleon trensfer reaction wes considesred to be desirable
ag the first heavy=ion-indoced reaction to be studied, since &
large difference in nuclasr charge betwesn the target atom and the
reaction product might be expected to emphasize the affacts of
coulomb shake-off on the primery cherge-state distribotion. Such
large charge chenges have itherto been inmccessible vie light-
particle=-induced resctione, exeept at incident energies much higher
than can bs produced by our Ven de Graaff.

The products of hearvy=ion#induced reactions are generally
characterized by a lerge number of excited states. The existence
of thesge statea should in prineciple permit ona to study the effects
of recoil veloeity on the charge-state distribution by selecting
recoils in various sxcited states and hepee with verious kinetic
spergies, without varying the energy of the ineident ion hesam.
Heavyy-ion-induced reactionz are capable of producing high-veleocity
recoils, ao that the nmber of different charge-states appea}ing
in the dietribution would be smsll. Thiz can be expected to
eimplify the eollection of data and reduce the necesgsry data
ecllection tima, In addition, {f the recoilz have a gufficiently

high momentum, the Born approximation may be appliceble in the

30




CHARGE STATE FRACTION

FROM t2C(D.ALPHA)LDB

31

5]
|
A rﬂ " @ m
B|.+
L LN
.i" »
9.3 - v
T2 P
AL
F -
.1 -
1 . ...t I PR | N M R | PRI T |
%0 -85 @.1 8.8 1- . AT "
TARGET THICKNESS (HICROGRANS/SQ CH)
Figure -1, Plot of the charge-gtate distribution of reccila from the

120(d,x )" B reaction in graphite targets from the data of
) grap &

Sarbe,

the errors in target thickness.

The vertical arror bare are terminated by short
horizontal lines which do pot represent the magnitude of
The curves are fitted by

numerical integration, using the croge-sections in Table

£-1 snd the primery charge-atate distribution from the

second-thinnest target.
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theoretical celeulation of electron loss cross-sections.

The multinuecleon transfer reaction 12((*80,4He)?*Mg, at an
incident oxygen ion energy of 42.0 MeV, wag chosen to initiste thie
work. Recoiling *%Mg ions are observed at 10° to the incident beam.
Thies resction has an wineually large cross-gection and produces a
suitably large nuclear charge change of AZ = +6, The incident
ensrgy of 42.0 Me¥ is easily obtainable from the University of
Plitsburgh Van de Graaff accelerstor operating in eilther the two-
stage or three-stage operating mode., Three-stage beam i3 belng
used when aveilable, since it is more sisble and lssa diffuse than

the two-stage beam, At an incident beem energy of L2, o MeV, Mg

is exvected to be obszerved in several highly populated excited
statas, with% excitation energies ratging from 9-17 M2V,

The experimental arrangement prezently being used for thies
gexperiment is identicel to that describad previously for the
115{d,a)¥Be experiment except that, For the time being, only ons
pozsition-sensitive detector, mounted on 4 movable chain drive, is
being used for particle detection,

Accelerater time available feor this experiment iz currently
Leing uzed for the identification of peaks in the ¢complex recoil
spectrum. Thie identificstion iz being accomplished by comparizon
of the energies and focal-plene positions of the observed pedks
with those caleculated from the kinemeticg of the reaction and the
charscteristics of the sgpectrograph,

In ordar to identify peaks in the spectrum, sn accurate
energy celitration of the detection system 15 recuired.

This calibrestion waz achieved by monitoring oxygen icnz, elasticelly
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¢ 6%44 3535
gcattered at 30° from a carbon-backed, 20 ugfcma, gold foil, &t

incident oxvgen energies varying from 20.0 to 45.0 MeV. BSince

the incident oxygen iong are not gufficlently energetiec to surmount

the coulemb barrier of gold, the only peak appearing in ths spectrum

is that of slwstically-zeattered oxygen ions, the snargy of whieh is
sccurately known from kinematics. Once the detector calibration

was obtained, the identification of magnezium recoil peaksz began,

and iz eurrently in progress,

B Recoils from 1®7Aw(1”0,150) °7Au Elastic Scattering
2 % v T

As an outgrowth of the detector energy calibretion deseribed
in the preceding section, charge-state distributions of %0 ions,
elastically scattered at 30° from & 20 pg/on® gold foil, have been
obtained at =lx energies. These dats, presumably representing
equilibriue distributiona, are ghown in Table E-1. They include
the 5+, 6+, T+ and &+ charge-states at all six snergies. The b+
charge-state wes obgerved only at the two lowest energies; no lower
charge-states sappesred at any of the energies: examined. The dela
ahow an increase in mesn cherge with ilnereasing esnergy, as expected.

In Fig. B-}, the charge-state sbundances are plotted as s fune-
ticn of energy. These regultis are consistent with published deate
at lower and higher energies. In the lower=epergy range of the
present experiment, where overiapping previousz dets exist, no b+
ione had previously heen observed.

Further experimente on the charges of peattered heavy ions are

in proeress.




Ehﬂrﬁgnt
Ion EnErEE

47,87 MeV
41.91
38,91
34,06
29.16

- 24.25

Tgble E-1,

Charge distributions of oxygen ions, elastically scattered from geld

0,25 + 0,01
0.39 + 0.01

Y5

1,92 + 0,04
2,15 + 0,03
2,32 + 0,02
3.18 + 0.02
5.28 + 0.03
6.97 + 0.03

*(6)(%)
21.65 + 0,15
22,50 + 0,09
23,80 + 0,08
24,58 + 0.08
.51 + .08
39.86 * 0.09

(7%}
2,91 + 0.26
43.39 £ 0.13
45,17 + 0.1%
46,07 + 0,11
kb, 78 + 0,10

4442 + 0,10

y#{ 8
33.57 + 0,19
31,96 + 0,11
28.67 + 0.09
2117 + 0.07
15,18 + Q.05

8,36 + Q.0

6. 53

he




33

il T T f T
= =l -
2 T+ -
E - " i _-r-"'"'-v
g 041 6+ .
“‘ '\\
% B ._,_.--"'—F.-‘.—F'-._
ﬁ .-_-'-I—-.
I‘II' 0.2 / It
o 8
= — / .
S 5+
—a at al "1 e * -
20.0 25.0 30.0 35.0 40.0 450

Emargent Ton Energy (Mey)

Figure E=1. Charge-state distributions of oxygen-1%t ions,
elestically ecattered from gold, as a function
of emergent ion energy.
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F, Seerch for Natural Alphe Instability

The discovery of beta instability in ''?Cd in our laboratory
in 1969 haz led to the development of a new program of low-level
counting, u=ipg the Beckman Lo-~Beta IT which was obkained for the
cadmiwnm study but which has besn uged only sporadicelly since. In
the beginning, this progrem ig to inelude & search for alphe radio-
activity in naturally-occurring nueclides., Flang are that the pro=-
gram will be expanded to include other types of low-level counting,
such as studieg of environmental radiosctivity. Impetus for reviving
our low=level gtudies hes been provided by our recent move to much
nore sultable guarters: & well-squipped counting room on the eighth
fleor of & new fiftesn-gtory chemistry building.

The observation of alpha instebility in '%90s has recently .
been reported [V. E. Viola, Jr., C. T. Roche, and M. M. Minor,
Chicagoe A.C.8, mesting, 27 August 1973). Tt wae felt that & sys-
tematic gearch of naturally-occurring nuclides betwsen Z=50 and Z=83%
might uncover other cazes of alpha instability. Te this end, masses
from the 1971 Wepstra-Gove mase tables were used to calculate g values
for mlpha decay throughout thiz region of the isotope chart. The
results showed negative values for all isotopes below 133N3, but
seversl poaitive wvalues were fouwrd for nmuclides with atomie numbers
between &0 and 83, Order-of-magnitude half-life estimations were
then made for all of the nuglides with > +1 MeV ¢ valuea, A sinple
potentiel well model wae used, {n which cage the gguntiﬂn for the

decay constant A 1is

A= 3'_!&6 exp f-ﬁlﬁ.%_é.[cﬂs*l (%ﬁ_’(%} '5[1;;)%} , (P-1)




3

whers

2
B = Zue? s Ba = gze , the alpha particle being assumed to be

R, T

“~

moving inside the parent nucleus with welocity uw. The sum of the
nuclear radii R, and R, ie assumed to be the width of the potential
barrier for an alpha particle moving with kinetic energy T.

The value of R, was taken az B, = (1.30 x ﬁé + 1.20) x 10_13 cm
(where A = mage of the dmughter nucleus); no other Bdjustable param-
eters were used. This relation can be expected to provide only a
rough approximation to the value of ), mpince the exponential depend-
ence on R, ls etrong. It wae found, however, that when thia relation
wag applied Lo known aiph& ungtable nuelides, the agreement with
experimentally-dstermined decsay constants was generally within a
factor of four,

To obtein helf-lives from Eg. F-1, & Fortran IV computer pro-
gram, "CEIGER.FL,” wesz written for the University of Pittaburgh's
FOP-10 eomputer. Only nuelidesz with Q values of greater than 1 MeV
wera axaminsd. The results are shown on Table F-1. Hot thown are
values of decay constants less than 1.% x 10737 zec™)  yhich wers
too amall to be gtored in the PDP 10':z 36-bit word.

The reaulis of this survey showed that of the 36 nuclides
exapined, only five heave possible helf-lives of less then 107¢
years: I%'Bu (2.3 x 107, 9% (1.7 x 109}, *®%0a {1.0 x 10°9),
%708 (1.8 x 10%) end ¥°°PRi (8.6 x 10*%). OFf these five nuclides,
18%70g, L61Ey and ?°?Bi are odd-mass nuclide=; the angular momentum
barrier could increass these hslf-lives by & faetor of 107. Osmium-184

wae therefore chosen as the First nuclide to be studied for the
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Tabls ¥F-1. Helf-life estimetions based on elphe decay systematics
for stable nuelides with Q-values greater than 1 MeV
and calculated decEy CONSLAnta greater Lhan 10 o7 sec~l

Parent Atomie Farent Ateomic Deeay Constant Helf-life

Mags ~ Humber (sec™T) {years]

2h5 60 2.7 x 10~ 8.0 x 107®
150 62 5.6 x 10737 3.9 x 1(P8
151 B3 9.k x 10-28 2.3 x 1007
168 70 &.8 x 1023 3.2 x 10°°
170 70 1.9 x 10737 1.1 x 1¢R°
176 T2 1.1 x 10-%8 2,0 x 1¢°°
177 T2 7.6 x 1079% 2.9 x 100
179 T2 6.8 x 10-38 3.2 x MPR?
180 Th 1.5 x 1o-38 1.7 x 10'8
184 Th 2,1 x 1o=2° 1.0 x 10'2
185 75 5.6 x 10-32 3.9 x MP?
187 76 1.2 x 10-2¢ 1.8 x 1016
191 77 2.5 x Lo~3%8 8.6 x 1””
192 8 8.4 x 1073 2.6 x 1073

83

2.5 x 10-%4

A.6 x 1005
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possibility of natural alphs sctivity.
Osmium-184 is available enriched to 2=-3% isotopic gbundance
from Oak FRidge National Laboratory. The sanple is to be puri-
fied and counted on & windowless Beclman Low-Bata IT gas flow
proportionel counter. Assuwing the abundance of *9%0s in the
purified semple to be 2.5%, o sample of approximately 10mg is
needed to give & dmecay rate of one disintegration per minute. To
date, the enriched semple hes been ordered, the counter has been
moved to the new counting room, and electronlic modifications are

being made.

. Exparimental System Modificetions

In &11 of the charge-giate experiments being done in our labora-
tory, the Enge-Split-Pole Spectrograph 1s being used to focus the
recoiling iong and to aeparate the charge-stetes., Spectrograph
dezign, however, permitsz only & few charge-states to be mopitored
at a ftime, & system sllowing the simuiisnecus monitoring of more
charge-ztates would enable us to use accelerstor time more efficiently.
One such system would uee elsctroatabic analysis for focusing and for
charge-state separation. If the elsctrostatic field iz inhomogeneous,
ions of the zame =nergy and charge, but entering the field with A4if-
?erent trejectories, will experience fbcusing. Such a fizld may be
cbtained from a cylindrical plate electrostatic analyzer, as origi-

nally proposed by Hughes and Rojansky¥. Basically, this instrument

*4, L. Hughes and V. Rojensky, Phys. Rev., 3, 284 {1929).




consiste of two concentrie 217.28° cylindrical gectors, A redial
electrostatic field ies set uwp between the plates by applying &
potential difference to the eylindrical plates.

A cylindrical eleectrostetic analyzer for use in the present
experiments is presently in the desizn stags., A computer program
for the equationz of motion of & charged particle in a radial
electrostatic field is currently being written to &id in the

selection of appropriate design parameters.

H, Targetry

1. PBoron Targats
In the pmst year, all of the boron targets regquired for the

work in Sectione A, P and C, sbove, have been made by the method

described previcusly [CO0=-3427-1]. The boron targets produced this

year, and their thicknesgee, are listed in Table H-1.
2. Carbon Targets

The targets currently being used for the work of Section D
sre 811 10-30 pg/cn®, commercigl carbon foils from Yissum Resesrch

Develomment Co., Hebrew University, Jerusalem, Israel.

4o




Table H-1. Boron targ&ts EI‘EEI‘E& ﬂ.'l.l.'l:‘il_lE the Eﬂt year

Terget Number Thickness {pg/en? )
BSO1 19.51 + 1.47
BS502 11.45 + 0.86
BSOS 17.13 + 1l.29
BSOk 16,13 + 1.22
B505 6.11 + 0.Ué
B506 2.87 + Q.22
BSO7 2.15 + 0.17
B508 1.62 + 0,13
B509 L 1.75 + 0.14
BS10 0.79 + 0.07
B511 0.81 + 0.7
BS12 0.34 + 0.05
B513 0,43 + 0.05
ESLL 0,42 + 0,05
B215 0.0k + 0,04
B516 0.28 + 0,05
BSL1T 0.34 + 0.05
BS18 C.15 + 0.04
BS19 0.42 + 0.05
B520 0,04 + 0.0
521 0.11 + 0.04
B522 0,19 + O,0h
B523 0. 1% + 0.0k
B5 2l L6567 * +
B9 25 2,64 + 0,20
pS26 9.72 + 0.5

#Thicknesses determined by gquarte erystal microbalance,

+Thicknesa mmeertain due to crystzl malfunction.
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J. Canputer Progrsms

In addition to the computer programs mentioned zpecificelly
in Sections A-G, thé fellowing programs werese developed and used
during the year.

1. ELROND, a Fortran IV code, was written to facilitate the
location of specific jouwrnal erticles frem the library of publica-
tiong which have becn previously catalogusd. All pertinent informa-
tion about these publicstions is stored on a DEC tape {Digitml Equip-
ment Corp. low cost magnstic tape). ELROND ;hen converts this list
into & binary tree structure and scans the tree, :earching'fur any
particular combinstions of suthors, dstes, or key words specified
by the user. All informetion atout articles heavinz cheracteristics
which match those specified by the user iz then printed out.

2. As mention=d in last year's annuel report; a plobtipg
package designed to plot any specified function undfar any specified
arrey of deta points was belng developed for the PDP-10. Since then,
the Uhiversifly of Pittsburgh Computer Center has extensfvely feviued
its plotting software. The revisions inelude the develoment bf E |
number of subroutines designed to plot experimental data or function
curveg, thus making 1t unnecessary to develop separate roﬁtines;

3. LESG, a lemgi-zquares fitting program desipgned to fit up
to one hundred dsatm points, =sch coneisting ﬁf up to four lndependent
veriables end one dependent variable with up to ten fitiing parsmeters,
has been developed during the past year. In this routine a subprogram,
designied to caloulate the dependent variable #nd its first derivative

with respect to esach unknown, is requirsd. The convergence nlgorithm



h’_!.

is based on & combination of a gradient search and a Taylor expansion
of the weighted lergt-gquares sum. The convergence criterion ig

baeed on the valuer of all derivatives of the least-squares sum with
reepect to sach fitting parameter, zimultancously atﬁaining .Y ?&lﬁe
amallsy then some number chogen by the user, An example of its
afficiancy: the CPU time reguired to cmleunlate the cross-szections and
primary charge-stete distributions for & system of theee charge-stetes,
uzing the deta of Mason mnd Sorbo (Ph.D,theses, Wherrett Laborstory;

work described in previous reports) was less than five minutes.
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ITI. TPERSOWNEL

Principal Investigator

Fobert L. Wolke, Professor of Chenmistry, B.8. Chem., Polytechnie

Institute of Brooklyn 1949, Ph.D, Cornell Univeraity 1953.
(Approximately 15% January 1973 to April 1975, epproximately
Lok May 1973 to Descember 1973.

Other Rezearch Personnel

* Edward V. Mason, Jr., Teaching Fellow to December 1972. B.S.

hiversity of Rickmond 1947, Ph.D, University of Pittsburgh
Tecember 1972. TPresent gddress: FKernphyrikslische Abteilung,
Max=Flanck=Ingtitut, Saaystrasse, Germany.

Ted W. Dabiek, Hational Science Foundation Center of Excellsncs

Graduate Fellow to August 197%: Graduate Rescarch Assistant
August 1973 to December 1973, B.S. Pennsylvania State Univereity
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