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ABBTRACT

The deuteron atripping resction has been extensively
used in nuclear spectroscopy. For incident deuteron
energles well above the Coulemb harrier, well developed
Butler stripping patterns are observed for protons and
neutrons., However, for deuteron energles below the
Coulomd barrier helght, one does not normally expect
simple stripping Lo ooour. Also, it 1s this energy
region for the deuterons where the finer detalle of the
stripping reaction mechanism are more important in
interpreting the data, In order to get thie information,
Al€l (4,p) reaction has been investigated at 1350 kev
bombarding energy. The results of angular dlstridution
"maauurtmentnagn proton groups leading to various excited

states in Al<“ are compared with the simple Butler theory.
Even the mechanism of Couloamd effects fall to sccount for
the marked back angle rise in intensity of the protons.
It is well known that the back angle rise in intenalty
ie characteriestic of exchange stripping. But it is fer
from clear why exchange stripping should predominate over
" nornal stripping in this reaction, “

Experismental preocedure snd the results of the
messurenents are presented,

vil
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INTRODUCTION

The (d,p) ﬂwiwma %gfﬁzg have been subjeot to

~ extensive investigations, due to their useful-
ness in nuclear structure analysis. 8.7, mtlwﬁmppnm
the firat theory which gave & satisfactory pleture of the
stripping reaction, Butler's theory was later modified to
inolude the Coulomb potential, This theory predicted orosas
gseotion maximum in the first qusdrant, progressing from low
angles for low 1 values to higher angles for high 1 wvalues,
WMMvamm introduced the D.VW.B.A. {distorted wave
Born approxizestion) theory whioh appeares to be more

- , . —e——— —

gs, %5 (‘4? n, Re¥W. Buechner and A, Sperduto, FPhys. Rev.,
E

5 ?o ghapiro, w wnp; % 290, (1954},

Jag Jeet Singh, A Study of the 5°2(4,p)5°° Reaction®,
t‘:elieﬁa of william and Mary (unpublished),

Richard H, Stokes, Phys. Rev., 121, 613, (1961),

5
Rishard Zdanis, George E, Owens and L. Mandsnsky,
Zhys. 6Mﬂ lat, 854, (1961).

“951%' ’ M m W’ { ), ; ¥

W. Toboeman, Fhye. Hev., 115, 98, (1959).




suocessful .

Most stripping reaction investigations have been made
using nuclear emmulsion techniques. It is & tedlous amd
time consuming methed, With recent improvements in solld
state detectors, the study of charged particle reactlons
has become much simpler. We deolded to make detalled
investigation of (d4,p) reactions in light/intermediste heavy
nuolei uaing 8,8.,R. detectors for proton detection,

This report concerns Azg?eapp) reaction at deuteron
energies below the Coulomd berrier. desoribes the experi-
mental procedure involved in the investigation and glves a
brief discussion of the detectors used, Theoretiocal results
are presented for pure Butler and ﬁﬁtlﬁ# plug Coulomb.

Due to the relatively low cross section of the reaction it
was not possible to obtain the moouracy desired,



THEORY

Two general classes of nuclear resctions are available
for the atudy of & final nuclear state; those proceeding
through a compound nuolesr state and the direct reactions.
The cross section of reactions going through a compound state
is not only dependent on the initial snd final states but
also on the particulsr intermediate state involved., This
complication is not prevalent in stripping reactions, whioh
are direct reactions.

The reaction mechanism in pure Butler stripping can
be understood best with the aid of the simple diagram on
pege 5., In this resotion, the deuteron approaches the target
nucleus X, 1s stripped of one nucleon {neutron or proton) to
foram nuoleus ¥, while the other passes far enough away from
X that at most it interacts weakly with X or Y. The reaction,
with the above assumptions, can be represented by plane waves.
This method has been quite succesaful with stripping reactions
vhere the incildent deuteron energles are large compared to the
" Coulomb berrier. Later the pure Butler theory was modified to
include the Coulowb effects and nuclear effects,

Tobocman and Kalonghuve given an exproseion which will

5 .
(1955).W. Tobocman and M.H. Xalos, Phys. Rev., 97, 132,
4
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reduce to pure Butler, Butler plus Coulomb and also account

for other mechanisms. Thelr cross section is given by

4 - -1 -1l 2

o, (Bp)=y, (@Ju e (/M Y2 JH ) 2l h) 5 LIBD" |
(ar)RlE |22 }f
2I*1'R NE; Ei}! h

(1)

ol
B L (cos6 )gl FL exP{ [o (np)wx(nphg()\-l 1}

u M8

"l

r, (2t (ale) (=] )142 (o] o) (o | INEm)
NI (gl

°°. (
fL (1|K|r)[F (g K et (n K]

I( r
X1y L -'BLHL(T}P 2)

1+)!”/}I I‘MN/M
The symbols used are from the article by Tobocman and
Kalos and are explained in detall in their paper.
Pure Butler theory, without Coulomb corrections,
corresponds to Z = 0, 81= O andck = 0. When the above

simplifications are introduced, the expression for

lnh |K| )]

Blm—S tRKK(z,MN/ ﬁ éﬂ)-] Kr)d

'K”](n]KN] K)

Where .
r:?f'—(u)/yj ¥ % (p)= the spherical Bessel functiom and h ' the spherical
D NT P L

141!/]/ ) (2)

Hankel function of the first kind.
In order to include the Coulomb effect, set Z = 2,

/31 =0 andax = O,



Both of these cases prediot a oross seotion which peaks
in the forward direction. The Coulombd correction has the effect
of shifting the peak to slightly higher angles, while spreading
the peak and filling in the walleys.

The usefulness of the stripping reasction lies in the
faot that there are strong restrictions on the orbitsl
angular momentum, 1, of the nucleon captured by the target
nucleus, If we let J, represent the initlial nuolesr spin
and Jp the final muclesr spin, then

T =T +T4% |
Alsc conservation of parity restricts 1 to even or od4 values,
From the expression for the oross section, one can gee that
the angular distribution determines 1 and the parity (~1)%,
and thus the final nuolear spin Je.

However at deuteron energies comparable to or lower than
the Coulomb barrier, this theoretical angular dependence falls
to prediot the back angle peaking observed in experiments.

The introduction of the D.W.B.A. theory has been successiul
oven at low incident energles and alse is more reliable in
separating difrYerenv 1 ocontributions. The D.W.B.A. theory
differs from the pure Butler in that it accounts for the
offect of the target nucleus on the incident deuteron and the
outgoing nucleon after stripping.

In some cases a slightly different situation may ocour,
in whioh the target misleus instead of capturing & misleon

loses one. This is the 20 called exchange or hesvy particle



stripping mﬁm’ T™his leads to back angle peaking,

George E. Owens, Phys. Rev., 92,

168hLy (1998
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TARGET CHAMBER

TOP VIEW

I. FARADAY CUP’
2. FIXED MONITOR
3. MOVABLE DETECTOR



COLLEGE OF WILLIAM & MARY

APPARATUS AND EXPERIMENTAL TECHNIQUE

(a) Apparatus

A schematioc dlagranm on page 9 shows the Van de Graeaff
generator with the target chamber and vacuum system,

In this measurement, two systems were used, one for the
movable detector and the other for the monitoring deteotor.
A bYlook dlagrem of the electronics is given on page 10, The
output of the movable detector, after passing through o
Tennelec charge sensitive pre-saplifier and a linear
saplifier (ARL model # 101) was fed into the 512 channel
Nuclear Date pulse height anslyser. From the analyser one
gould put the data on a model Z2DR-Z Moseley X~Y plotter and
an IBM typewriter. The electronic system for the menitor
was similar except that the output, after suitable discrise
instion, was fed into & scaler. An Americiusm 241 slphs
source was used to provide a calibration point (E = 5.48 Mev).
The oalibration spectrum, obiained under conditions identiocal
wvith those under which noranl measurements were made, 18
shown on page 13, The Wright-Pattersen Alr Force Base 2 Mev
van de Graaff generator was used to provide a 0.1 mioro
ampere deuteron heam at 1350 kev energy.

The target chamber, seen on page 11, is a 30 om, dianeter
iron oylinder with vacuum port end beam port, Eleotrioal

12
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sovar sesl outlets were avallable for the two deteotors snd
the Faraday cup. Four targets oould be pisced in the chamber
snd rotated into the path of the deuteron beam, The monitor
detector was loocated at 160 degrees with respeot to the
deuteron beam. The position of the movable detsctor was
adjustable from the outside and the angle read direoctly from
the scale marked on the base of the chamber. The top of the
~ chamber was made of a half inoch thick gless plate with an O=ring
seal. The chamber was evacusted 1o & pressure of the order of
«01 mioron by & system of diffusion pumpe with dry ice/liquid
‘ndtrogen cold traps. The detectors used were Solld State
Rxdiation deteciors, NSPG-25, These detestors are sensitive
10 oharged particles ranging from betas to flssion fragsents.
A charged partiocle, say s proton, incident on the surface of
the detector, penetrates the thin n-type layer and produces
electron « hole pairs in the depletion layer, coming to rest
_in the depletion layer If 1ts width 1is large enough to a&ap'
it. The depletion layer 1s the region on either side of the
n - p junetion whioh has neither excess electrons nor holes
and 1s the sensitive region of the deteotor. The width of
the depletion region, within limits, is deteramined by the
bles veltage and the resistivity of the detector. The
intense electric field in the depletion regiocn sweeps apsrt
the charge carriers produced by the incident radistion and
the sleotrons are collected at the positive plate producing

8 negetive voltage pulse, whose magnitude is proportional
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to the nuaber of eleotrons crossing the Junstion. The rise
time for s typloal detector pulse is of the order of
3 x 10”7 seconds. This is to be compared vith 10”7 seconds
for & scintillation counter. In addition, the resolution
using solid state datuatar§ais considerably better than the
most precise lon chamberas.

A Nomogram for silioon junction s80lid state detectors
is shown on page 16. This allows one to determine capacitance
poer unit area of the detector surface and what energy protons
and alphas, the detector will stop by knowing the blas vultasé
and the resitivity of the detector.

In the particular detector used, shown on page 15, a
siroular groove 50 mioros wide and 10 miorons ﬁown is
etchod in the diffused n-type lnyar, ihnn 1& nxtenﬁu
_threugh the junotiecn into the p - regton. This isolstes the
inner portion, which is the sensitive region, from the outer
portion, whioh sllows the noise generated by surface eurviut
at the edge of the wafer to de removed through the battery
eirouit. The reliability of the detector is ssen Lo bde
greatly improved by the use of this "ringeguard®,

18, Bumber 5, 98, (May 1960).
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{b} Experimentsl Procedure

The targets were prepared by mounting gold folls
onto tantalum frames (90% tantalum, 10% tungsten) carefully
outting the folls and floating them on water. The frames
wore dipped in the water and drawn out so that the folls
were flat on the frames and allowed to dry. Finally the
aluninum was evaporated onto the gold. Several aluminum
targets of different thicknesses wers made in order to
experimentally determine the most efficlent thiekness. The
aluminum, kindly supplied by Alces, was of 99.99% chemioal
purdty. o L
| The thickness of the aluaminum wes determined in the
following manner. First the thisiness of the gold foll was
found by measuring the weight of a large foil of known area.
Deuterons, elastically scattered from gold snd tranamitted
through the foll were deteoted with 3.5.R, detectors. Next,
the same deuterons, 1l.e. deuterons scattered through the same
#nala were observed from #old folls with aluminum evaporated
on them. The difference in the energy corresponds to the
energy lost by the deuterons i? passing through the sluminum
deposit. Using Eshn's tables to obtain AE/dx for 674 kev
protons in aluminum, 4E/dx for 1350 kev deuterons in

bi)
David Kahn, Phys. Rev., 20, 503, (1953).



aluminum was obtained, since one may assume 45/dx for these
two cases to be equal, The thickness was found to be

1.9 x 10”2 pg/om?,

When sluminum is bombarded with deuterons, a number of
reonctions oocur. These oan be broken down inte the four main
groups;

zx‘{d’a)g.‘x&‘“z‘ zxA(ﬁtn)z“th z)&{&,;ﬁzw,, and

zx‘(a,a)zx‘“. The second group was no problem sinoce the
deteoctors used are not sensitive to neutrons. The first
group was acoounted for by the fact that the stopping pover
~for alpha partiocles in any material is mueh larger than it is
for protons in that materisl, *thus by plecing an absorbder
foll over the detestor, alpha particles can be stopped vhile
the protons, although reduced in energy, will pass through
and be detected. This was done and then the absorber was
renoved and another run was made, No new peake were found
in the second run, so that the (4,.) reaction could be
considered negligible and the sotusl runs were made with no
shsorber on the detector,

The third group conisined the resction to be investigated
pluz various impurity remctions such as reactions with
oxygen, ocarbon and nitrogen which remained in the target
chasber. The change in the Q inlnn with angle is a
characteristioc of a reaction and the various (4,p) reactions
ocould be distinquished by use of the following equation, see
diagram on page 5.



{11y 353 g}&
121 1
(Eﬁf”mmw cosdy (12 1+ m m{tw )ﬂ”é (3)

4 o088, My Ey

Where 1 refers to the incldent particle, 2 to the target
particle, 3 to the remsinder of the inoident particle, 4
%o the residusl mucleus and the sngle ﬁ% to the angle that
the renainder of the incident particle makes with the
incident deuteron beam., Obvicusly one can determine any of
these reactions this way, so that even without the absorber
one can account for the (d,.) reactions,

The fourth group is the elastic and the inelastic
soattering of deuterons. These can produce deuterons with,
at most, energlies equal to the incident deuteron energy
vhich is only 1.350 Mev. Thus these appesr well below the

. first fifteen energy levels and do not oreate any ambiguities,

In order to realize the full potentislities of the
. detectors, the deuteron besm had to be kept at the relative-
| 1y low value of .1 mioro amp. This naturally oceaused the
runs to be somewhat long in order to obtsain reasonable
statietical acoursoy. For this resson, the nusber of
angles, at vhich usable intensities of the proton groups
were measured, had to be kept low. (4,p) resctions with
nitrogen, oxygen and carbon compliocated the spectrum in
the lower energy reglion and few pesks were rasoi@sﬁ at
those energles.

By running the experiment with Jjust the gold backing on

21



the frame one can subtract out the contribution due %o the

various impurities. This was done.

e2
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{c) Oaloulations

The differential oross seotions have been caloulated
for the tranaitions to excited levels of Alaﬁ listed in
Table 1, The ground state and 0312 Mev states could not
be resolved and were very week @s was also the case for
+974 and 1.017 Mev states and the 2,988 and 3,011 Mev states.
The resolution for the 2,147, 2.209 and 2,281 Mev levels and
the 2,493, 2.592 and 2.667 Mev levels also was not very good.
The diagram on page 18 shows o typlosl spectrum over the snergy
range resoclved. The dlsgram on page 23 gives the exolted

energy levels in A125¢

TABLE 1
n®®  mrettation P ey
droups  PeTEY o705t 55%5'  117°10' 140° 159%15"
1 0 6.816  6.717  6.421  6.334 6,287
0 1.0 5,797  5.706  5.434  5.354 S5.311
s 1375 S.421 5,334 5.071 4,993 4.951
4 1.633  5.172 5,086  4.820 A.754 A.T12
5 2.147 5,685  4.604  4.359 4,287 4,249
6 2.209 4,602 4,522 4,280 4,209 4,170
7 2.281 5,531 A5 A21Y 4,140 4,102
8 2.493 5,321 8,243 A.008  3.940 3.907
9 2,592 4,223 A.049  3.914 3,846 3.810
10 2,667 4049 4,072 3.843 3775 3.739
» 3,0 3.820  3.746 4516 3.461 3.427
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From the charge incident on the target, one ocan caloulate
the number of deuterons incident on the target. This charge
wss found by use of the Faraday m. This 4is used in the
expression for total cross uﬂim rer the ith procees:

"“r?_ (4)
8 .

vhere ny is the number of ineldent particles which cause
the ith process or the number of protons in the ith group,
I is the number of incident particles (deuterons) per unit
tizme and ¥, 1s defined by: |
Ny = N, (°8°x) (5)
| W
where N, 1s Avagadro's number, o is the density of the
target, S is the ares that the beam covers on the target,
2 x s the thickness of the target and M 1s the gramatomic
wolght of the target. n, 48 found by obtaining the
integrated number of protons in the peak and Ax is found
as previously deacribed, The area of the bean was determined
to be ~ .12 om®.

The differential eross seotion per unit solid angle

is gliven bys

S

E— | |
Alex E.S. Oreen, Huglear Physics, MoGraw-H1ll, (1955).



where )= 278indydoy |
1s an olement of solid angle snd An is the number of reaction
particles which go into/)y and is dependent on c.
The effeoctive differential cross seotions glven in
Table 1II on page 30 are not evelusted at 2 particular angle,
but is the value 4°/4” would have if the protons emerged with
spherical eymnetry. o
“ The oross mt&m for pure mﬂw theory and Butler
plus Coulomb effect for wvalues 1 & 0,1,2,3; L & ﬁ,a{m 21
snd Ex & O, 1,633, 2,147, and 2,592 Mev were caloulsted Ly
hand where
L = orbital sngular momentum of the captured neutron
1 = orbital angular momentum of the emerging proton
A o= orbital anzulay momentum of the incident deuteron
1t was aseumed that the contribution due to the separate
levels in close lying groups was equal. Also the aasumption
was made in the cross eeotion caloulations that K.r was large
5,Pr? = 215 KA R0y )" 02
This introduces some error, but simplifies the caleulations
sonsiderably.
Thus one obtains the following average integrated welue
for (4,p) cross section for the sxoited level at 2,209 Mev
“ (4,p)* «5TT 2 T70% mioro bns.
The uncertainty is determined by using the statistical
error and then Jdoubling 1t to scocount for approximations.




The comparison of the Butler theory and the Butler
theory modified to include Coulomd effeots 1s shown along
with the experimentsl points on page 28,
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CORCLUBIONS

The extremely poor fit of the experimental points
with the pure Butler Theory indicates that the plane wave
assumption is no longer wvalld in this energy region, Even
with the sddition of the Coulomb dorrection the fit is very
poor.,

The back angle intensity séems to indicate that heavy
particle stripping is playing a part. However, there is
nothing to discourage normal stripping in this reactions
the neutrons could go into the 2 8y /2 1&3/9 or 2 pya
sub shells, Perhaps D.¥W.B.A. might £it the data better.
Purther measurements are in progress. It is hoped that the
new extensive measurements will present an answer to the
correot theoretical approach.



BUMMARY

The effective partial differential oross seotion and
t&n peak back angle &ifferential oross section to the various
energy levels are given in Table II. The effective
differential oross sections wvere obtained by use of the 4ife
ferentisl oross seotions given by equation (9).
& /40 was plotted against & and the ares under the curve
was found. Thie integrated value was then used to deteraine
what constant value of 45/40 would give the same integrated
value under the experimental polnts. 7This is egquivalent
to assuming the pattern of protons after stripping to be
spherically symmetrical., As was noted earlier, several

TABLE I
Thers Effective

angg 4° /40
~LMey) , V7 .. WO Q
Be8./.0312 12.6411.0 18.1415.0
1.00{.974/1.017) 3772196 3804277
1.375 5654396 3644192
1.633 8424387 5584353

2.21(2,147/2.209/2.261) (16,243.2)x10° (33.046.1)x10°
2.58 (2«%3/2*592/&66?) (%m%¢g6)319‘3 (35&7&7:9)%‘93
3.00{2.985/3,011) (15.721.2)x10°  (31.946.1)x10°
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groups were too close to be separated. In calculating
the coross sections, equal contributions from each of the
close lying levels in the group were assumed. In this way
the partial differentisl cross seoctions for the individual
levels in the group were calculated.

The results of this inveatigation, although not fully
explained in terms of norsal stripping theory, show that
the direct reaction plays sn important part at energies
well below the Coulomd barrier. At the present time,
Dr. Jag J. Singh 1s contimuing the work with other target
nucleli. Using the Zdontloai sot up he obtained the spectrum
shown on page 32 for the Ax37(a.p) Alaa reaction with
" Eq = 1.350 and @ = 160%, The detectors used by Dr. Singh
were Molechem surfsce barrier p-n type detectors bimsed to
150 volts. The depletion reglon width was ' mm., KEventuslly,
the detelled experimental results will be compared with
various direct resction theories. The use of better detectors

and various incldent energies should clarify the situation.
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