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ABSTRACT

50 ‘
The nucleus = V with a ground-state configuration

4 3
9T.

-1 ’ 0
has been studied with the i( He,d)'5 Vv,

48

(wi
5

7/2)3(”f7/2)
IV(3I-I§:,a)50V, Ti(3He,p)50V, and 48']."1(3He,py)50V reactions
induced by the 3He++ beam from the tandem Van de Graaff at the
Argonne National Laboratory. The angular distributions from
(3He,d),‘ (3He,a), and ('3He,p) reactions induced by 22-MeV 3He
were studied with overall energy resolution widths of 20, 30, and

42 keV, respectively. The reactions (3He,p) and (3He,py) were
also studied at an incident energy of 13 MeV to obtai@ the y decay

of 5OV levels (including two 0+ isobaric analog .states) in which the
neutron-proton pair is transferred with zero ahgular momentum.

The angular distributions of theAchafged—particle
reactions have been analyzed with the distorted-wave Born approxi-
mation (DWBA); and spectroscopic factors have been extracted for
the one-nucleon transfer reactions. The two-nucleon transfer
reaction (3He,p) has been analyzed with the DWBA on the assumption
that the neuffon4proton pair is transferred as a‘dveuteron. The
angular momentum an of the transferred deuteron is established
for most of the levels, and the possibility that several levels might
have spin and parity 1+ is discussed.

This work has resulted in the assigmn'ent of J" = i
to levels at 1.333 and 1.490 MeV and supports the previous tentative
‘spin ;assigbnments of 5+, 4+, 3+, and 2t for the first four excited
states. Seven states-—these four states and the 6+ ground state,
the 71 state at 0.911 MeV, and the 11 state at 1.333 MeV—are

N 772/ V7 2)
of the two 0 1isobaric analog states is observed to proceed by M1

-1 A
identified as members of the (nf octet. The y decay
transitions to low—iying states. The vy decbay-of several levels between
1.3 and 4 MeV excitation energy (some of them being possible

candidates for a collective 1+ excitation) are seen to decay in part to



©xii
the same levels that are populated by decay of the twb.O+ analog
states, | |
Two models are evaluated with respect to the known

data: (1) the truhcated 1f shell model of McCullen, Bayman,

and Zémick (MBZ) and (ZZi}Zle rotational particle coupling (RPC)
model of Wasielewski and Malik. The MBZ model predicts the
energy levels and allows the calculation of .spectr'oscopic factors
which may be compared with experimeﬁtal data. The results of the .

RPC model can be c‘omp‘ared only with the experimental energy

levels at this time.




I. INTRODUCTION

A. Purpose of This Work

A scan of the current nuclear physics journals will

reveal very many studies of 1f -shell nuclei with one or two

2
nucleons outside a closed she117-(/e. g-, outside the closed shells of
40Ca. or 48Ca) but fewer studies of nuclei such as 50V with several
nucleons outside a closed shell (Ri69). This situation arises because
adequate shell-mo.del calculations for nuclei farther from the closed
shells are.not generally available. The view taken in this work is
‘that further measurements on these more complicated nuclei should

be made in order to find the direction new calculations shouid take.

. . 50 .
The particular nucleus chosen is > V, which has three proton

7/2)
core and so has four free particles and a core. It is not so com-

4
(vE

particles (1rf7/2)3 and one neutron hole (vf outside a 48Ca

plicated as 48Cr

) , for example, but not so simple
49 L
as

Sc (nf The purpose of this work is to study the nature of

7/2)-
the levels in the = V nucleus experimentally and to compare the
predictioné of the current models against the results of this study.
One of the most powerful methods for studying the
nature of nuclear states is the distorted-wave Born-approximation
(DWBA) analysis of the angular distribution of charged-particle
transfer reactions, developed for the most part in the last décade
(Ba62). The shape of the anguiar distributions of stripping and
pickup reactions are dependent on the orbital angular momentum
of the transferred particle and may also depend on the total angular
momentum of the state in which the residual nucleus i's left (Br69).
Further, the spectroscopic factor obtained from comparing experi-
mental angular distributions with DWBA predictions is a measure |

of the 'extent to which the final nuclear state is an inert core and the




transferred nucleon is in a single -particle state. As a result, the

DWBA is a more sensitive probe of the nature of the nuclear states
than is the determination of excitation energies. The spectroscopic
factors may be calculated directly from model wave fuhctions, and

a comﬁarison with experimental values provides a.direct test of

the modael, |

The requirement that the target be a stable nuclide
restricts the study of 50V by single-nucleon-transfer reactions to
proton stripping a.nd neutron pickup. The reactidns chosen in this
work were (3_He,d) and (3He,o,) in order to measuré proton particle
and neutron hole excitations in levels of 50V. On the other hand,
the two-nuclec;n transfer reactions often excite a different type of
nuclear state than do the onec-nucleon transfer reactions. The exci-
tation of pairing-vibration states has received considerable attention
.recently, and e\(idence for pairing vibrations is found in the 1f-2p
shell (Sh69 and Shé69a) by use of the (3He,p) reaction. In the present
work, the 48Ti_(3He,p)50V reaction is used to excite levels not
reached by the (3He,d) and the (3He,a) reactions.

The y decay of nuclear states is another sensitive
test of nuclear wave functions. In particular, the y decay of isobaric
analog states (IAS) has received some attention lately (Eré66, Kub8,
Me70) becau"ge' the IAS are highly excited states whose nuclear
configurations can be known approximately by studying their parent
states. The approach taken here has been stated best by Kurath
(Kub8). "If the analog state is - . . simple, in the sense that it can
be described as a single core state coupled to an odd nucleon [for
50V, two nucléons] , then the study of its decay to more complicated
intermediate states reveals one aspect of their structure while the
subsequent decays to the simpl'e low-lying states prc.>vide further

. . . 50
information about their nature.'" In the case of V there are two



(3" = 0+) particle -bound IAS that are populated by _(3He,p) and whose
nuclear configurations are approximately known because their parent
states in 5oTi at 0.0 and 3. 88 MeV have been studied by the (p,t)
reaction (Hi67). These iAS appear strongly in the‘(3'I—‘Ie,p) reaction
and their y decay maylr be studied by the (3He,py) reaction. Only
those y rays that are in time coincidence with protéris po'pulating
levels in 50V are recorded. The (3He,p) reaction transfers a
neutron-proton pair either with S = 0, T = 1 (singlet state) or S =1,
T = 0 (triplet étate). Starting with a target of ground-state spin '
0+ and isospin T, if the n-p pair is transferred with orbital angular
'momenfcum an = 0, the singlet state populate's>0+, T+ 1 (T>) a'nd
O+, T (T<) levels and the triplet state populates 1+, T (T<) levels.
The orbital angullar momentum an = 0 is easily selecfed by
positioning the proton detector at 0° with respect to the incoming
beam; af this position, only an = 0 has a very strong maximum in

its angular distxjibhtion.

. 50 -
B. Survey of Previous Workon 'V

The S.O.V ground—sfate spin, parity, magnetic dipole
moment, and electric quadrupole moment have been established for
some time (Li64, Wa62). Figures I-1A and [-1B show the correct
early measurements of the level scheme. An éttempf to measure
the spins of some excited' states by exploiting the total—angu.lar-
momentum dependence of the angular distributions from the
50Ti(3He,t)50V reaction (Br69) ié shown in'Fig. I-1C. Three of
the four assigned states are not resolved from nearby states and hence
are not reliable. Howéver, the state at 911 keV is established to be
: 7+. A larger cross section for neutron pickup to this state than

for that to the 6+ ground state (Bab65) supports this assignment by
the 2J + 1 rule, which predicts that the ratio should be 15:13. ‘
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The latest measurement of the 50V energy levels,
a high-resolution (8 keV FWHM) study of the inelastic scattering of
protons, is shown in Fig. I-1E. This spectrum includes all pre-
viously observed levels except the one at 1498 keV, which was seen
only in the (d, a) reactioﬁ. |

Studies of the y-ray decay of levels below 400 keV by
use of the 48'.1“i(t,n\()50V, 49Ti(p,\()SOV (Se69), and by SOTi(lp,ny)SOV .
(B169) have led to cénflicting reports. Of the two reports, the

OTi(p,ny)SOV by Blasi is thought to be correct and the y decay (M1
tentatively) is shown in Fig. I-1D with the (tentatively) assigned
spins. Crossover transit‘i'ons are measured to be less than 2% of
the cascade intensity.
| Turning to the theoretical situation, shell-model

calculations that attemp.t to reproduce the results of experimental
measurements are beset by uncertainties, which may be divided into
" two principal types (Mc64): (1) the number of shell-model configura-
tions necessary to adequately rep'resent the nuclear state and (2)
the nucleon-nucleon residual interaction. 'Correspohdingly, the choice
between the two principal approaches to shell-model calculatiohs
depends.on which type of ﬁncertainty is felt to be the most serious.
If type (1) is felt to dominate the problem one might assume a detailed
residual iﬁteraction and use wave functions of the single-particle
shell-model states. It is then possible to calculate the matrix ele-
ments between states of as many configurations'as can be diagonal-
ized with the available facilities. In pr’inciple, fhen, one has only
uncertainties of types (2).

In srome regions of the periodic table, however, shell
closures drastically limit the number of important configurations

and therleby minimize the uncertainties of type (1). The 1f orbital

7/2
satisfies this condition, being separated from the lower 2s1d shell



and the upper 2p3/2 orbital by a few MeV. In this case the
nucleon-nucleon two-body interaction matrix is determined by a
few energy-level differences which may be extractéd from the
experimental data.

| The latter approach has 'beer_l adopted by McCullén,'
Bayman, and Zamiék (Mc64) in order to get wave functions of some
of the 1f7/2 nuclei including 50V. (The results are traditionally

known as MBZ wave functions, MBZ magnetic moments, etc.)

~MBZ do not propose that pure if configurations and two-body

7/2 .
interactions are necessarily valid assumptions, but rather that those

phenomena that cannot be explained by a pure 1if shell and two-

2

body interactions point the way for future extend7e<:1 calculations.

Although often tacitily asgumed, ‘the shvel.l model is
not the only model to be successful in the nuclei usually known as
1f2p-shell nuclei. The strong—coﬁpling symmetric—rot‘oAr model,
~including rotational particlé coupling or Coriolis coupling between
bands, has been developed by Malik and Scholz (Mab6, Sc66) and
has had considerable success in predicting ground-state spins and
level densities in odd-mass nuclei in the 1f2p shell. In a recent
calculation (Wa70) on 55Mn and 57F(—:', the elxcitAation.energies,
magnetic and quadrupole moments, lifetimes, B(EZ2) values, mixing
ratios, 'and branching ratios differ somewhat from the best current
shell—modél calculations but agree as well with experiment, and .the
parameters used are no more ''free' than are the shell-model |
parameters (Cé?O). This model has been extended to the odd-odd
nucleus 56Mn by including a neutron-proton residual interaction
(Wa?Oa) and has produced results in good agreemeﬁt with éxperi-
mental quantities (Wa70). The calculation for odd-odd nuclei is
readily adapted to calculations for 5OV.

At first sight there appears to be a basic contradiction

if both the symmetric-rotor model and the shell model agree with




experimentb, inasmuch as they are based on entirely different views
of the nucleus. However, in each case thé model parameters
chosen are those that lead to a best fit to thé exper.irnuental data.
Clearly, comparisons between the models will be difficult-since
each is bésically a parameterization of the experimental data and
since there is no wayl to state whether excitation energies or
quadrupole moments, for example, are more important; Rather,
the discrepancies between each theory and experiment results
should be examined separateiy to establish in what manner that
parameterization fails to be congruent with nature. Despite the
equal claims of the models, most of the discussions that follow

will be in terms of the shell-model for clarity. .

C. Summary

_ The purpose of this work is to extend thé ‘experimental
knowledge of the 5OV nucleus by studying the proton-stripping
(3He,d) and neutron—piékup (3He,a) reactions and also through the
neutron;proton pair -transfer reaction (3He,p) and the y decay of
particle bound levels (including two O+ isobaric aﬁalog states) that
are étrongly populated' by it. The nucleus 50V is subject to calcu-
lations by twé different m‘odels., although each of the models is

preliminary and limited in scope. The experimental results will

be compared with the predictions of the model calculations.




48 _. .3 50
II. Ti( He,py) V PARTICLE-GAMMA COINCIDENCE
MEASUREMENT

A. Beam Handling

"The 3He nuclei used ifx these measurements were
acce,leratbed by the Argonne model-FN tandem Van.de Graaff, which
was built by High Voltage Engineering Corp. (Wab64). The accelera-
tor and beam-transport system are shown in Fig. II-1. Singly-
charged negative 3He-ions are injected into the tandiém from an
Ortec Duoplasmatron ion source. The 3He_ are then accelerated
from ground potential toward the center terminal of the tandem.

‘In this terminal, whose voltage is variable from 2.5 to about 8 MV,
- the ions pass througll oxygen gas or a carbon foil where their elec-
trons are strippéd off. The resulting 3He++ ions then leave the
terminal and are accelerated to ‘ground potential; and éince they are
now doubly charged, they gain 2 eV for each volt of terminal
potential. After leaving the tandem tank, the 3He++_.ions are deflec~-
ted 90° by an analyzing magnet and enter into the experimental
area. Control slits at the exit of the 900 magnet measure the amount
of beam bent more tHan 90o (too low AaAn energy) and less than 90o
(too high an energy). The two currents are then balanced by a
(negative) feedback system that controls the voltaée on the terminal.
In thisvway the particle energy is maintained accu:iately. The
energy spread of the particles in the beam is less than 5 keV, and

the energy is reproducible to about 25 keV.

B. Target-Chamber Hardware

The 3He beam emerging from the tandem is spacially
aivergent and difficulties arise in forming a well-defined beam

spot on the térget. A quadrupole magnetic lens is used to focus
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the beam through sets of collinear apertures to form a collimated
beam. The size and separation of the apertures determines the
degree of collimation. The physical size of the beam profile at
the collimators may be made circular and about 11—6 in. in diameter;
collimator apertures smaller than thi$ were found to reduce the
target current seriously.

" The beam collimation for y-ray experiments was
designed to achieve two necessary or desirable conditibns:
1) the beam spot on the target often must be made small so that
the angle between the emitted y ray and the beam axis could be
accuratély‘determined, and 2) the flux of y rays and neutrons
striking the collimators and scattering to the y detector must be
kept to a minimum. These y rays and neutrons would cause
unwanted background in the spectrum accumuléted, and in Ge(Li)
gamma detectors such neutrons may induce charge-trapping centers
in the germanium crystal and eventually end the usefulness of the
crystal as a y detector. The first condition is best achieved by an
aperture close to the target and detector, whereas the second
requires an apertu’ré (to stop the unfocused part of the beam) far
from the target and detector. |

The collimator arrangement used in this experiment

is shown in Fig. II-2. Collimator No. 1 is a square aperture formed
by four tantalum slit jaws that are independently movable by two
mutually perpendicular pairs of micrometers. Thus the size and/or
position of the aperfure can be adjusted, or the jaWs can be retrac-
ted out of the beam path. Collimator No. 2 is a fix_ed circular
aperture 1L6 in. in diameter. Collimator No. 3, a tantalum disk
with a circular aperture '11_6 in. in diameter, can be swung out of
the beam path without opening the beam line. Collimator No. 4 is

placed close to the target chamber in order to intercept the beam



scattered from the edges of the other collimators. Itis a fixed
aperture 1 in. in diameter. To get the beam on t&rget, collimators
No. 1A and 3 are removed from the beam path and the beam reaching
the targét via No. 2 and 4 is maximized. Next,‘ co_lliﬁxator No. 3
is inserted and the target current is remaximized.b Finally,
'collimétor No. 1 is closed down until the beam épot is of the desired
size. The unfocused part of the bearn is intercepted by these
slit jaws, wh'ic:h are far from the targert and ’;he Ge(Li) detector.
i Typical currents are 150 nA on targét, 150 nA interéepted by
collimator No. 1, 2—10 nA on No. 2, and 0.1—0.2 nA on No. 3.

| After collimation, the beam strikes the target
(a l-mg/cmzl metallic foil). The transmitted beam and the reaction
products emitted in the forwarld direction encoﬁ.nter a 0.003-in.-
goid—foil beam stop (Fig. II-2), where the 3He++ bean-n and the
heavy reaction products~are stopped and their cha:gé is measurAec:l
by a current integratdr system (Model 1000, Brookhaven Instruments-
Corp., Brookhaven, N.Y.). Light,"highly-energeticAreaction
products —from such reactions as (3He,p) which bas‘ a high Q—
penetrate the foil and are energy analyzed ina pair of 2000-ym
Ortec silicon surface-barrier detectors in fa'ndem.

Because the surface-barrier detectors draw several
microamperes of reverse current at room t,émperatu’re; they are
cooled to well below OOC by circulating alcohol at -720C around the
outside of the tube in which the detector is r'nount_ed., as shown in
Fig. II-2. The very small heat load (200 V ope'rbating.voltage X a
few microamperes of detector current) allows the temperature of
the detectors to be almost equal to the temperature of the coolant.
Since the alcohoi is wholly outside the vacuum chamber, the vacuum
is protecfed from accidental leaks or breaks in the circulating

tubes.. The alcohol from a reservoir cooled by a bath of alcohol
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and solid CO2 is circuiated by a small squirrel-cage pump sub-
merged in the reservoir. A stainless steel shaft connects the
pump to an electric motor located outside the cold jacket.

The Ge(Li) y detector slides on an aluminum base
. plate fastened rigidly to the térget chamber, and its angular position
with respect to the béam can be varied from 0 to 140° in 5° steps.
However, the requirér‘nent that the Ge(Li) detector bg very close
to the target (to maximize the detection efficiently) usually restricts
the angular range to 30—1350. The Ge(Li) detector used was
purchased from ORTEC. Its volume is 30 cm3 and it has 3 keV
resolution for 1.33-MeV gamma rays. .

A good vacuum is required in the target chamber and
the beam line for two reasons. Tirst, scattering in residual gas
would increase the difficulty in achieving a SI‘-I?.all intense beam spot
on the target. Second, and most imporltant, contamination of the .
ta{rget would introduce background in the observed spectra. The
most serious of the target contaminants for the measurement under
consideration here are carbon, ongen, and hydrogeﬁ.. By mounting
a 4-in. T-M Mini -.I.rn'p diffusion pump (T-M Vacuum Products,
Riverton, .New Jersey) with a liquid—nitrogeﬁ cold trép immediately
below the target chamber (diameter 4% in.) a vacuum of 10_6
Torr in the target chamber is achieved. This is sufficient to -
eliminate the first problem and to bring the second uf}der control.
. The use of rolled self-supporting metallic foils as targets has

further reduced the troubles with these contaminants.

C. Experimental Problems and Methods

A two-parameter pulse-height analysis provides the
best method of accumulating particle-gamma coincidence informa-

tion. One parameter is taken as the particle energy as analyzed by
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the surface-barrier detector and the other parameter as the y-ray
energy as analyzed by the Ge(Li) detector. The events of the
y decay of a level in the residual nucleus then appeér as a row of
peaks along the gamma-energy axis and the particle émission is
represented by a similar row of peaks along the particle-energy
axis. The result is a two-dimensional plane surface. From the
positions of peaks on the particle-energy axis, the excitation
energies of the levels populated in the nucleus may be obtained.
From the position of the peaks in the row pafallel to the gamma -
energy axi§ and from the numbers of events in the peaks, the
gamma decay scheme of the nuclear level corresponding to the
position on the particle-energy axis may be determined. One such
row of gamma -energy peaks will appear for each nuclear level
populated by the charged-particle reaction. .

However, for a case iﬁ which events corresponding

to true particle-gamma coincidences have small cross sections,

as is shown to be the case here, the measurement can be obscured

by large numbers of random coincident events. Af an emission
angle of 50, thAe cross section for the 48Ti(3_He,p)50V reaction
leading to the lowest isobaric analog state (1AS) is known to be
about 100 I_Lb/sr (Sh69). For the expgrimental arrangement shown

in Fig. II-2, a proton detector subtending a s‘olid angle of 100 msr,

" a beam current of 100 nA, and Ti targets with a thickness of

1 mg/cmz, reactions leaving the 50\/ in the lowest IAS will lead to
40 protons/s entering the proton detector. Then if the 30-cm
Ge(Li) detector is placed 13 cm from the target (where it will have
a detection efficiency of 4% at 1 MeV for the full-energy peak) and if
the gamma rays are distributed isotropically (a valid assumption
for the J = 0 lowest IAS), then the coincidence rate recorded in the

apparatus will.be about 0. 006 events/s = 21 events/h. Note that the
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values used in the above calculation are the maximurri_possiblé
Values of the quantities involved. With the values in this example
‘the event rate in the surface-barrier detector is 20 000 s-1 and the
events rate in the Ge(Li) detector is 35 000 s.1
Simply stated, the expérimental difficulties all
arise because the number of events of interest are a small portion‘
of the total number of events occurring. Experimentally, this
difficulfy shows up in two requirements on the electronic circuitry.
First, the electronics must reject enough random coincident events
to yield a spectrum in whiéh the peaks of interest stand out against
the background. The fandom coincidences look like a fairly smooth
background because they are the sum of a large variety of y decays,
whereas the true coincidences for each y ray are collected together
because of the high resolution of the Ge(Li) detector.” Therefore a
20:1 true-to-random ratio in a true coincidence peak can correspdnd
to abéut a 0.1:1 true-to-random ratio over the whole spectrum.
Second, the electronics must reject those events

that result in pileup of the energy pulses in the amplifier and in
the analog-to-digital.converter and consequently lead to spectral
distortion. Because some gamma lines of interest are separated
by only 25 keV in energy, the spectral distortion in the gamrr;a
spectrum must not get worse than ~10 keV, Thisilés't requirement
is especially important in the present investigation because fhe
resolution width in the proton spectrum is about 300 keV as a result
of the target thickness (1 mg/cmz) and the straggling in the gold-foil
beam stop. This poor resolution precludes the separation of proton
groups which leave the residual nucleus in a specific ievel.

| The rest of this subsection is devoted to the steps’
taken to solve these two experimental problems, namely (1) to
maximize the true-to-random ratio, and (2) to minimize the spectral

distortion due to pile-up.
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1. Maximization of the True-to-Random Ratio

The pulses from the detection of the proton which ~
leaves the 50V nucleus in a given state and the pulées from the
detection of the gamma rays resulting from the decay of that state
appear at the pulse-handling system wifhin a few nanoéeconds of |
each other (barring metastable states). By measu.ring the time
interval between the detection of the proton and the ga'n'nma event to
sufficient precision, the rafid of true to random coincident events
can be increased to an arbitrary value. Let R be the true-to-
random ratio, T the width of the time window within‘which the
timing system accepts events as coincident (T = Zf, where 7 is
the pulse width for overlap coincidence), N the t.r}le. coincidence
rate, NI; the proton rate, and N the gammzyrate. Then the desired
time winddw is given by | | ‘

T =N_ /(N.N R).
PY P Y

For a true-to —‘random ratio of 0.1:1 (over the who'lelspectrum), a
true coincidence. rate of 9 s—1 (over the whole spectrum), a proton
rate of 20 000 s_v1 (over the whole proton spectrum) and a gamma
rate of 35 000 s_1 (over thé whole gamma spectrum)_, the necessary
time window T is ~125 ns. If T could be reduced below 125 ns,

a further ifnprovement in R will result. '

Theré are two general methods for eiéctronically
marking, or piéking off, the time at which a pulse from a detector
occurs. The two, called 1ea‘ding-'edge pickoff and cross-over
. pickoff, are diagrammed in Fig. II-3. For cross-over pickoff
(Fig. II-3b), a doubly-differentiated bipolar pulse is put into a
circuit capable of responding wheﬁ the pulse voltage passes through
zero after an initial threshold (the discriminator setting) has been

reached. In principle, the zero crossing of a pulse should be
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Fig. II-3. Diagram explaining the meaning of leadi'ngA-edge- and
crossover-time pickoff.
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ihdependent of pulse amplitude (although noise in the circuit will -

cause some ''jitter' in the signal and will result in some uncertainty

in the time of zero crossing). If the amplitude or rise time affect

the measured time of zero crossing, the resultant variation (’c2 - tl)
is called "walk. "

For leading-edge pickoff (Fig. II-3a.),. the discrimin-
ator level is set above the noise level; and whenev‘ei‘ a signal
increases beyond that level, a timing signal is generated. Clearly
jitter causes uncertainty in leading-edge pickoff to the same extent
as in cross-over pickoff. Figure II-3a, which shoWAs leading-edge
pickoff .on a slowly' rising pulse, indicates the walk_'that accrues

from the difference in the rise time of pulses with different émpli-

tudes. This walk is exaggerated in Fig. II-3a because the rise-time

.1s so slow; in practice, one uses a steeply rising pulse such as is

available at the output of a detector or a preamplifier. Nonetheless,
amplitude~-dependent walk is a significant problem with leading-
edge pickoff. This walk problem rﬁay be enhanced in the case of a
coaxial Ge(Li) detector, whose nonuniform charge-collecting fields
lead to risetime-dépendent effects due to the different positions
at which the y rays are incident on the Ge(Li) crystal.

~In the first attempt to avoid amplitude -dependent walk,
standa%'d' Ortec equipment designed for cross-over pickoff was
used for the signals from both the Ge(Li) and the surface-barrier
detectors. The resulting pulses proportional to the interval between
the two tim-e marks were pulse-height analyzed to obtain a time
spectrum of t.rue events, . A full width at half maximum (FWHM) of
60—80 ns, cérresponding to a fullll width of 200—250 ns, was
achieved with a 20:1 dynamic range for the energy pulses. Although
this resolving time (full width) could be considered acceptable, a

value more like 100 ns was desired. The pulse-shape variation
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due to uneven charge collection in the coaxial Ge(Li) have defeated
our attempts to attain zero walk with cross-over pickoff. That is,
cross-over pickoff may be independént of amplitude bL.lt,I;lOt‘Of

pulsé shai:)e. Ofteé has recently marketed a "constént-fraction
timing discriminator" whi'ch compensates for the e'ffects of
amblitude and rise time in cross-over pickoff, but this device

was not yet a'.v‘ailable for evaluation at the time of this study.

It is inadvisable to do leading-edge timiﬁg on the
output of the main amplifier because the pulse inte‘gration
(necessary for energy reéolution) introduces walk of the order of
a microsecénd. The best place to do leading edge timing is
immediately after the detector (by using a pulse transformer).
Unfortunately, tHis would worsen the energy resolution signifi-
cantly in th.e case of the Ge(Li) Adetector. .Instead, a buffered
pulsé output of the preamplifier was used as the input to a low-
level leading-edge fast discriminator. The preamplifier has a
fast rise time and a very wide bandwidth so that a-minimum of time
information from the detector is lost. The output of the fast
discriminator from the proton detector and from the gamma detector
aré fed into the start and stop, respectively, of a time-to-pulse-
height converter. The time speétrum, the pulse-height analyzed
output of the converter, is shown in Fig. II-4b. The FWHM is
28 ns, with a dynamic range of 100:1 for the y energy pulses.

If the output of the converter were put into a si'ngle—cﬁannel analyzér
in order to set a time window T on the proton-gamma pulse pair,

‘a window about 200 ns wide would be needed because of the

- asymmetric shape of the spectrum. This shape is a result of the
large number of low-energy gammas, which have considerable walk
as shown in Fig. 1I-3a. Inasmuch as this work will be concerned

only with gammas from about 300 keV to 7.5 MeV, the gamma‘s
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(from real coihcident events) below 300 keV unnecessarily broaden
the time. window. By gating the output of the time —tb—pulse-height
converter with-an energy window covering the range from 300 keV
to 7.5 MeV Before putting it into the multichannel pulse-height
analyzer, the time spectrum shown in Fig. II-4a is obtained.

The FWHM has been improved by 7 ns, but r-nore‘ imf)oftantly,
the shape of the peak is more ;ymmetric and the full width of the
peak is less than 80 ns. Figure II-4a is in fact the time spectrum
accu'mulated'during the measurement of the gamma deAcay to bé
presented at the end of this >chapter. The tr‘ue —to;random ratio

is 2.3:1 over the whole spectrum.

2. Minimization of Spectral Distortion

Having decided how the events of intereéj: are to be
selected from the great number of random coincident events, one
must ensure that the pulses from the events that are rejected by
the timing system are not allowed to distort the pulse height of the
unrejected pulses before they get to the pulse-height analyzer. '
This distortion arises frém the pulse pile-up, which may be classi-A
fied as either peak pile-up or tail pile-up, as illustr.'aﬁed in Fig.
II-5a and b, respéctively.

-In the case of tail pile -up, one pulse rides on the
tail of an earlier 'pﬁlse (Fig. II-5b).and as é result the pulse height
is incorrect by the amount A, the pulse defect. If this pulse is
accepted into the final spectrum, it will miss its correct position
in the spectrum by an amount corresponding to A The best solution
to the tail pile-up is to eliminate the tail by‘direct'coupling al.l the
e¢lectronics from the detector to the analyzer; Unfortunately this |
is not within the present state of the art for electronic pﬁlses.

However, A can be minimized by forcing the pulse back to the
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base line in fhe shortest possible time by the use of pole-zero
cancelation and base line restoration. These devices use active -
elements to force the pulse to return to the base line with as little
as poésible effect on the puléte height. Also, using the smallest
possible time constants in the shaping amplifier tends to expand
the timc scale aud thus reduces A. On the other Eand, a reduced
time constant w'o:rsens the energy resolution. For the Ge(Li)
defector, a pﬁlse -shaping time constant of 2 ys produces good
energy resolution (at low counting rates) but 0.5 aﬁd 1 us may be
used in many cases in which the very highest resolution is not
.required. With the poor profon-energy resolution expected in this
measurerﬁeﬁt, time constants of 0.5 ys are enti'relyvéatisfacto.ry
in the shaping circuit. Another device used supresses tail pile-up
by automatically rejecting a pulse that follows another by less than
some preset time. .SucAh.methods, called paralysis.methods, may
greatly increase the deadtime of the system. 4 )

Peak pile-ui) (Fig. I'I-Sa) produces .a pulse of unusual
shape, and such shapes (easily detected by sensing 'the zero cros sing
of thé derivative of the pulse) may be used to reje.ct events related
to such pulses. Pulses with defective shapes may also occur as
a result of poor charge collection in the detectors —e.g., because
of neﬁtron-induced trapping centers in the Ge(Li). dette'ctor. We
take the Elizabethan view that any unusual shape 1s unnatural and

should be rejected.

3. Electronic Pulse Handling

Figure II-6 is a block diagram of the electronics.
~ All the analog signal-processing equipment except the time-to-
pulse-height converter was designed and built by the Argonne

Electronics Division. This section describes the electronic units
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and.their use in this measurement. The fast-timing section .ha.s
already been described in Sec. II Ct.

| The preamplifiers are connected to the detectors
with as short a lead as possible to;minimize the capaci_tance on the
charge-sen§itive 'mputA of the preamplifiers, this precauﬁon decreas -
ing the rise time and minimizing the noise of the first stage. A |
large dynamic range is availébl,e to provide the option of using
several detectors on the same preamplifier to absorb the reaction
products and avoid the difficulties of summing amplified pulses.

"The linear pulses from thle two preaméliﬁers (proton
and gamma) go first into the main shaping amplifiers and then into
linear gates and AI:.)ulse selectors. The gamma energy pulse is
delayed by 0.5 ps immediately after amplific.ation to allow the
. pulse selection to -be done on the proton-energy pulse} first. The
pulse -selector box consists of four circuits: 1) a sihéle-channel
analyzer, 2)a puls'e-shape c'iis'criminator to reject misshaped
pulses, 3) an input paralyzer to stop a second pulse %rom riding
in on the tail of the first pulse, and 4) an inclusive coincidence gate

called an AND gate. Logical outputs from the single-channel
.analyzer and pulse-shape discriminator are fed into the AND gate
and no output pulse from the AND occurs if any of the ‘i'nputs are
absent. |

Because of the very high resolution of the Ge(Li)‘
defector, the amiplifiéation and linear -gate system must be stabilized
against.ampliﬁcation drift which could wash out the high resolution.
In order to accomplish this stabilization; the output of a highly
stable reference pulser is. put into the front end of the preamplifier
and a Nuclear Data spectrum stabilizer is used f_o,provide_ base—iine
and gain stabilization to 20 parts per million per day through the

whole gamma system. To inform both the spectrum stabilizer and
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the analog—to-digital converter that the pulse being p_roceésed by
the latter is a stabilizing pulse from the reference‘puls'er, the
‘reference pulser generates a tag pulse on the external ENABLE
input of the stabilizer and on the REJECT input of the converter.
When a t'ag is present, the pulse height analysis continues but the
result is not stored as an unrejected pulse would be.

A measure of the live-time of the system is the
fraction of the reference pulses that actually are used for stabiliza-
tion. This fraction, which is measured with a rate meter, is used
to continuously'monit.or the pefcent live-time of the system. Fail-
~ure of a device in the system is usually reflected in a>dramatic
change in the live -time.

Refinements are also incorporated in the AND
circuit, Three (ganged) two-position switches instruct the logic
section e_ithér (a) to allow only time-coincident evenfs (coincidence
spectrum) or (b) to allow all events (singles specAtrum). Each pulse
selector drives a rate meter with a signal triggered by every input
pulse whose amplitude exceeds the noise level. A mliltichannel
analyzer forms a pulse-height spectrum corresponding to the
converted tifne spect'rufn with and without the 'gate that accepts or

rejects a coincidence,

D. Data Accumulation

After digitizing the desired analog pulse-height
iﬁformation into as many as 1024 proton-energy c'hanrfelsv and as
maﬁy as 1024 gamma-energy channels, the events must be stored
as a 1024X1024-channel array. But core memories of 106 words
are not generally available. The solution to this dilerhma is to
execute the two parts of the pulse-height analysis at different times.

Ordinarily a pulse-height analyzer first performs an analog-to-digital
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conversion on the input analog pulse and second adds one unit to
the address in a memory array specified by the digitized analog
pulse.. There is no a priori reason why the second step in pulse-

- height analysis (which Qill'be referred tol as sorting) must be
.perforrn‘ed immediately upon the completion of the fifst step.
Instead, the digitized input pulse is recorded on rhagnetic tape

for later sorting into ten 96 X 1024 -channel subarrays of the total

- 1024 X1024 -channel array. The subdivision'ié necessitated by the
availability of a 96 000-word core memory. -

The on-line computing system for the-Argohné
tandem (Fig. II-7) is designed to allow this manner of data acquisi-
tion. A large program, named GROUP, has been writtén to
accumulate, manipulate, and analyze data in the form of two-
parameter 1024 X1024 -channel arrays as just described.‘ The
program GROUP‘is fully described in Appendix A, and only those
general a'spects necessary for the accumulation and analysis of
1024 X 1024 -channel arrays will be presented here.

‘During data accumulation, the pr.og'rarln-GROUP-will
accept the aﬁalog -to-digital signals as words into an array in the
computer memory. After 256 such words are accumulated, another
array of 256 is opened to store the digital information while the
first block is written onto a magnetic tape. Next'theée words are
interrogated to see if they lie within limits (lowef and upper channel
numbers) previously stored in the program on either the ;;roton or
gamma spectrum, If, for example, the program has been given the
proton limit pair (500, 515), then a 1024 -channel garﬁma spectrum
is accumulated in coincidence with protons between channels 500
and 515. Up to 50 such spectra may be accumulate.d simultaneously.
Any one of these spectra may be displayed on the DD16B memory

display oscilloscope while data continue to be accumulated. Changes
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in the dilsplay (either to a different selection from the 50 spectra

or to a different scale) have no effect on the data accumulation.

By watching the displayed spectrum, the experimenAteAr ‘may monitor
£he data quality and quantity just as he would with 'a' conventional
pulse-height analyzer. Other provisions for controlling the beam,
the cuI:rent integrator, the monitor onc-parameter multichannel °
analyzers, and the scalers are discussed in Appendix A. Proéram
GROUP also has provisions for pfinting s‘pelctra or limits on a line
printer and for plotting spectra on a Calcomp plotter, but none of

these may be done while data are accumulating.

E. Data Reduction

Once several reels of magnetic tape fuli of analog-
to-digital data have been accumulated, the 1024 X1024-channel
array may be sorted in much the same way as the fifty 1024-channel
spectra were ‘so‘rted by GROUP, except that the input is from the
magnetic tape instead of from the analog-to—digital converter.
Twenty-one 50X 1024-channel subarrays of the whole’ 1024 X1024 -
channel array would have to be sorted. However, days of computer
time-are saved by using the faster and more convenient program
DIMWIT, as explained in Appendfx A, Sec. D. _

| After the 106 channel array is forméd, GROUP is
used to analyze the two-parameter spectrum. Recalling that the
resolution in the gamma spectrum is good while that in the proton
spectrum is bad, a contour plot of the two-parameter data would
be similar to the one shown schematically in Fig. II-8a. The
two-dimensional peaks are very narrow in the E “direction and very
broad along the E direction. The contour plot shown might repre-
seﬁt the pro'ton—ngmma coincidences from two clésely—spaced nuclear

levels that gamma decay to the same nuclear level. (Close spacing



28

8
qu
@ o |3 | (CENTROD . 4
Coh2 | e 2]
E,a—__l____—-‘___ll_______l
' N
|
||
tt
Ep Ep Ep—=
= |
t 21
> —
N |
: S
“p
£ v TN
(c) E‘L |
| - Ep_’l
|—
[C) E,"T’ |
@T |
| |
H B
EPI Ep2

"~ Fig. II-8. The reduction of two-pafameter pulse-
height-analyzer data for peaks that onerllap in

the particle spectrum but are resolved in the
gamma spectrum. a) A contour plot of the two-
parameter spectrum. b) The protons in coinci-
dence with y rays falling between lines 1 and 2.
c) The protons in coincidence with gammas falling
between lines 2 and 3. d) The protons in coinci-
dence with y rays falling between lines 1 and 3.



29

m.eans that the difference 6§ between the excitation-energies is
greater thén the resolution width for y energies but less than that
for proton en‘ergies. That is, 15 < § < 150 keV.) The peaks
éorresponding to levels 1 and 2 at excitation energies 'E-x1 and

have their centroids at E E and E , E,_, respectively,

Exz P1?7Yq1 .

where § = E)'(1 - EXZ = EY1 - EYZ = EPz - py-

proton energies, the peaks overlap beyond any hope of separating

P2
E

Y2
Along the scale of

them without some additional clue; but their projections onto the
~gamma'axis are easily separated by eye.

Asking the program GROUP to plot the proton spec-
trum coincident with all y rays falling Between the'lAi'nes marked 1
and 2 in Fig. II-8a would result in the spectrum shown in Fig.
II-8b. The protoﬁ spectrum coincident with gammas between 2
and 3 is Fig. II-8c and that for gammas between 1 and 3 is Fig.
II-8d. (The problem of y-ray background arising from Compton
scattering of higher enérgy gamm.a‘ rays is discussed in Appendix
A.) The spectra in Figs. II-8b and ¢ show how the decomposition
is accomplishéd. Program GROUP allows such an.analysis, and
the lines ariaiogous to 1, 2, and 3 in Fig. II-8 can be drawn not
only in the pro‘ton direction but also (separately) in the gamma
direction; and the resulting spectra of protons coincident with
specified rahgeé ‘of y energies and the spectra of gémmas coincident
with specified ranges of proton energies are displayed side by side
on the DD16B memory display oscilloscope. The results of this
decomposition may be plotted, printed, or stored on magnetic tape
for later use—just as can any other spectrum in program GROUP.

To get the area under a peak in a spectrum such as |
that in Fig. II-8b or II-8c, GROUP cain perform the integration at
computer speed. Because the whole 106 channels cannot be stored

in fast-access core memory at the same time, it is convenient to
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use subarrays of 50 proton channels by 1024 gamma channels
stored in the external core memory. This means that only one
region (with a width of about 2.5 MeV) of the nuclear excitation
may be examined at a time.

The processes by which electromagnetic phenomena
interact with matter add some complications to the analysis of
particle-gamma experiments. For example, interactions due to the
photoelectric Aeffect and multif)le Compton scattering make up.the
full-energy peak shown in Fig. II-9. The pair-production effect,
which becomes important at higher energies (above the 1. 022.—MeV
threshold) where the photoelectric effect and Compton scattering |
are small, introduces the possibility that one or both of the 511-
keV gamma rays from the posifron annihilation may cscape from
the detector. This gives rise to the so-called single- and double -
escape peaks, as showrl in the y spectra of Fig. II-9. Presented
" with a spectrum such as Fig. II-9, the experimenter must decide
whether he has observed 2, 3, or 4 or more y rays. Program
GROUP will use a previously determined calibration to calculate
and display the énergies of each peak in Fig. II-9 upon'request.‘

If an‘y of these peaks are sep#rated by 511 keV or 1022 keV, they
are probably the single; or double-escape peaks of the same gamma
ray. By measuring the area under the proton sp‘elctrum‘ in coin-
cidence with each of the related gamma peaks (by the process
outlined above) and by knowing the relative detection efficiencies,
thg experimenter can determine what y-ray energies and how many

y-ray events are in coincidence with what proton peaks.

F. Extensions and Limitations of the Measurements
T NI NSNS N NSNS NSNS TN NSNS NS T NI NN NS N NN NSNS NSNS NS NI SN NI NSNS TS NSNS NS

Certain simplifying assumptions have been made in

Secs. II C and D. In the work reported here, two Ge(Li) detectors
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(each with its own independent electronics) have been used at A
different angles. The program GROUP is written to accept two-
parameter daté simultaneously from the two systems and to keep
track of the parameters aséociated with each. |

The 48T1( He dy) V particle-gamma coincidence
mevasurement may be carried out simultaneously with the

T1( He,py) V measurements as a result of a fortuitous combin-
ation of Q values and cross sections for the two react1ons The
48T ( He d) V reaction has a much lower Q value and a much
higher cross section. The yield of deuterons leading to levels in
49V then falls in the lower part of the particle spec.trum and masks
the yield of pr-otons leading to 5OV levels above ~9 MeV excitation.
The proton yield from the reaction to 5OV lies in the upper part
of the partiéle spectrum and is uncontaminated by deuterons. The
results of the 48Ti(3He,dy)49V measurement will be presented
elsewhere. i | .

Bombarding 48Ti with 13-MeV 3He produces a .
considerable number of neutrons, which induce trapping centers in
the Ge(Li) crystal and thus eventually destfoy the excellent energy
resolution of the Ge(Li). The AGe(Li) crystals can be rejuvenated
to some -extent by various means, but they all are.costly. Hence,
the aim has been to niinimize the electronic dead time associated
with the accumulation of a given number of true coincidences, and
thereby to minimize the neutron dose while the necessary amount
of data is collected. The rate at which the Ge(Li).is damaged by
neutrons has prevented the accumulation of the number of events

necessary for a Litherland-Ferguson method-II correlatlon study.

Such a study mlght have led to spin assignments of more levels.
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G. Results of the Measurements

48 +
When a target of = Ti, whose ground state is J" =0 s

is bombarded with a 13-MeV beam of 3-He and the protons from the
reaction are detected at 0° with respect to the beam, the protons
observed are from reactions in which states in 5OV are populated
by a neutron-proton pair being absorbed into the 48Ti nucleus with
orbital-angular-momentum transfer an = 0. (Such states must

+ 0t

have either J" = 0 , 1 and T  or else J" = 0+ and T_.) This

selection is a result of the vefy strong forward peakiig of the

an = 0 angular distribution. Note that the y rays following t‘he
decay of a level populated by a reaction with a zero orbital-angular-
momentum transfer must be isbtropic. In this work the gamma
decays of eleven levels are observed. The particle detector is a.tv
0° and the g_am’ina detector is at 100° with respect to the beam.,

In addition, the isotropy of the y decay was checked by short runs
with the y detector at three other -angles (450, 600, and 900). No

significant anisotropy was observed.

1. Observed Particle and Gamma Speétra

Figure II'-10a is the singlés spectrum of particles
incidént on the particle detector at QO with respect to the beam.
The peak farthest to the right in the spectrum (near channel 750)
corresponds to the excitation of 50V states at 1. 333 and 1.490 MeV.
No 50V states of lower excitation are excited. Cleafly a number
of 5OV states above 1.490 MeV are excited as e\.ridenéed by the
structure in the spectrum to the right of channel 400. At channel
numbers below 400, the peak structure is due to.49V excited states
populated by the 48Ti(3He,d)50V reaction. The very strong peak
at channel 280 results from hydrogen in the target being knocked

out elastically into the particle detector by the beam.
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Figure II-10b is a similar particle épectrum with
the particle-gamma time-.coincidence requirements in force. That
is, the two-parameter particle-gamma spectrum has been integratéd
over all gamma energies. The two particle spectra are similar
. in structure as éxpected. The knocked-out proton peak just des-
cribed is not observed in the coincidence spectrum because no vy
ray is associated with the hydrogen knoc.k—on. .Many of the 50V
peaks above cHannel numBer 400 are seen quite clearly, but only
eleven of these are strong enough that tﬁéir gamma decay can be
obtained. The poor energy resolution in the particle spectrum
explains why the proton groups to the 1.333 and 1.490 MeV levels
of 5OV are not resolved. '

Figure II-1 1'a is the gamma spectrum in coincidence
with the proton peak at channel 750 (Fig. II-11b) that was identified
with the 1.33- and 1.49-MeV levels of 5OV. Two. strong gamma
lines are seen at 947 and 1104 keV. By constructing.t‘he particle
spectrum in céincidence with each of these gaAmma liri'es, we
obtain the two proton spectra shown in Fig. II-11c .a"nd d. The
centroids of these two peaks fall at different channels. One peak
is the protons leading to the 1.33-MeV level in 50V and the other -
is the peak of the protons leading to the 1.49-MeV level. By this’
procedure the‘decay of the 1.33-MeV level in 5'OV'is seen to be
by a 947-keV gamma, and thé decay of the 1.490-MeV level is seen
to be by a 1104-keV gamma. The analysis of the ‘remaining E-:'OV
levels proceeds by a similar proced.ure.

Figure II-9 shows the gamma spectrﬁm in coincidence
" with protons frém the 4.816-MeV level, the lowest isobaric analog
state of. 50V. The y decay of this IAS proceeds by a 3483-keV .
and 947 -keV cascade. The three lines from channel 300 to 420

are the double-escape, single-escape, and full-energy peak of the
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3484—keV gamma. Several other small gamma lines due to the
gamma decay of ne1ghbor1ng levels may be observed. Also a

511-keV gamma line is present as a result of positron annihilation.

2.. Gamma Decay and Branching of Observed Levels

| Figure II-12 shows the observed gamma decay of
the eleven levels difectly populated (darker lines)'and the secondary
gamma decay of two levels excited by the gafnma-décay of levels
directly populated. No gamma decay from levels lower than 388
keV is observed because the system is sensitive only to gamrna'
erfergies’ greater than 300 keV,

The two ‘analog levels at 4.816 and 8 588 MeV decay
entlrely to the levels' shown, to within a 20% uncertalnty Likewise
the levels at 1490 and 1333 keV decay wholly by one y ray, to
within 20%. "In the decay of all other levels, a branc_:h_ as intense
as 40% of the strongest observed y ray from that level could be
missed due té statistical uncertainties.

| "The uncertainty in the energy of the observed gamma
ray is 10 keV, and therefore the uncertainty in the exact excitation
energies of the 'l.e.vels is about equivalent to that in the high-
resolution sbéctrogfaphic work of Buhl et al. (Bub9) who studied

0 .5
the > Vip,p') OV reaction.
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III. SPECTROSCOPIC MEASUREMENTS

A, Beam Handling

The beam-transport system up to tHe céllimation
system is as described in Chap. II. The beam to the split-pole
spectro.gr‘aph is defined by two collimators plaped 3 in. and 63 in..
from the target. The final collimator is rectangular, with
dimensions of 1 X 3 mm. (Collimators measuring 3 X 3 mm and
13 X 3 mm are also available.) Typical 3He‘ targét currents of
 250—350 nA are obtained by using a quadrupole lens to focus the
beam onto the target. : ' | | |

| The number of particles in the incident 3He beam is
rmeasured, after it has passed through the target, by catching it in
a Faraday cup. The charge deposited in the Faraday cup is
measured with Model 1000 current integrator systé‘r'n“manufactured
by the B‘rookha\;en Instruments Corporation, Brookhaven, New

"York.,

B. _Charged-Particle Spectroscopy in the Split-Pole Magnetic

SEectro'graRh

The use of silicon surface-barrier detectors to
energy analyze the reaction products is impossible b'e>cause of the
large number of é}astically scattered 3He ions at thé scattering
angles of 'Lnferest. On the other hand, momentum "an'alysAis of
reaction products from charged-particle reactions prévides
excellent energy resolution of reaction products regardless of
elastic scattering, but at the price of small solid aln.gles of
acceptance and therefore slow data accumulation. The recent use
of the transv‘erse focusing properties of split magnetié poles has

allowed a tenfold increase in the solid angle accepted by magnetic
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spectrographs. Figure III-1 is a diagram of the double focusing:
(transverse and momentum focusing) split-pole spectrograph at the
'Argonr;e tandem. The magnet consists of two sepafa_te pairs of
pole pieces, with a gap between the pairs, and the magnetizing
coils enclose bdth. The broad-range momentum focusing is
indicated in Fig. III-1, in which representative particle
trajectorlies' converge to two spots on the focal plane—
corresponding to two particle momenta.

-First-order transverse focusing is achieved over the
who‘le momentum range by the fringing fields in thel pole gaps, and
second-order aberravtlons are minimized by the choice of the
position and shape of the final pole boundary. (Poie' boundaries ‘
are rounded to minimize saturation effects.) Second-order |
transverse aberrations are quite small over the whole range of
momenta (Sp67). Momentum focusing and transverse focusing may
not be achieved at the same spacial position but it should be
realized that-the purpose of the transverse chus'mgl is not to
produce an exact image of the source on the focal pla.rié but to
allow an enlarged entrance aperture. Reaction products are
accepted over solid angles of .1 2, m, and 4 msr (defined by four
standard entrance slits) are are focused onto the focal plane in a
line about 1 mm wide and less than 1 ¢m long (transverse to the
nuclear-track plate).

| Reaction products emitted at angles of 7—160° to the
beam can be studied with this spectrograph. A nuclear-magnetic-
resonance device is used to measure the field strength. An exten-
sive description of the hardware associated with the Argonhe split-

pole spectrograph is given elsewhere (Er69).
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C. 'Nuclear-Track Emulsions as Recording Devices
MNWMW\NWW\IWVMWWW\N

The récording device is placed on the focal plane of
the spectrograph. Because this focal plane moves (as.a result of
kinematic effects which are more important with the larger
entrance aperture) the recording device is mounted on two screws
and its position may be changed without disturbing the evacuated
region. We have used Kodak NTB 50-micron photographic plates
to record reaction products from the (3He, p) and (3He, d) reactions,
A proton or deuteron leaves a track in the emulsion about 1 pm wide
and 50—75 pum long. The emulsion is developed bya procedure due
to Erskine (Er')Q). In order to stop the products of uninteresting
reactions and to slow the reaction products of inte‘r'e,st so they
leave high-contrast tracks in the emuls'ion, modefaﬁng foils of
cellulose triécetate are used immediately in front of the emulsion.
The low average Z of these foils minimizes angular straggling.

For the (He3,a) reaction we have used Ilford K-1
plates in olrder.to take advantage of the s‘pecific‘ ionization of the
uf+ being greater than that of a singly—cha'rged nucleus. High-
energ‘y (> 7 MeV) singly-charged nuclei leave no track in the K-1

plé.tes.

D, Extraction of SBectra from Nuclear—Tra‘ck‘Emulsio.ns

In order to obtain the spectra, one must scan the
plates and find the number of tracks per unit length' along the plate
in the direction of changing momentum. The Argorine automatic
plate scanher' (PAULETTE) developed by Erskine (Er70) was used.
to scan the NTB-50 plates. PAULETTE consists of a high-
resolution (5-pm) camera tube‘which views a % >< 10-mm section of
the plate (or alternatively one may choose a 3 X 10-mm section of

the plate). The ¥ mm is broken into 50 scan lines each 10 mm long.
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An analog signal-processing unit, in the form of a peak-finding
circuit, identifies the position of Bright points (observed under
dafk-field illuminations) to within 2—3 pm in the scan line. This
information is transmitted to a PDP-9 Computer (Digital
Equipment Corp., Maynard, Mass.) which perfor-r'ns the pattern-
recognition and control functions. - The computer repdgnizes a
pattern by keeping track of the number of times the same point '
(within 2—3 prh) has been 'bright in consecutive scans (the scan
line is perpendicular to the track length). The number of scan lines
in which the same point is seen bright is then taken as the length of
the track. More accurately, the pattern-recognitibn "program is a
one-skip correlator. That is, a track is considered ended after
two‘. consecutive scan lines have failed to see the bright spot. Of
course, the program correlates for all bright points in the scan
line. |

" The track-length épectrum for a +-mm strip, ‘
acéumulated in one complete 50-line scan, is a p.lbt of the number
of tfacks having a given'length versus track length (expressed as |
the number of bright spots that form the line). Such a spectrum is
sthvn in Fig. III-2. The large number of tracks wi-th lengths of 1
or 2 are due to light-scattering centers in the plates—e.g., glass
ble.mlshes; dust, or bits of dirt in the e'n.nulsion;: The few vefy long
tracks (lengths much greater thaﬁ 70 pm) a.re scratches in the
~emulsion. In the example shown in Fig. III-2, the average track
length is 6 and the number of events would be taken as thé 308
between 3 and 9. (The measured track lengtvh—actual'ly the
component in a direcvtion parallel to the surface of the emulsion and
perpendicular to the scan lines— is subject to some real variation
because the particles may enter the emulsion in somewhat different

directions.) Further details on PAULETTE, including the exact
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criterion on which the number of events is determined, have been
.given by Erskine (Er70).
The results of the plate scanning are shown in
Figs. III-3 to III-6. Figure III-3 displays a typical deuteron
spectrum from the reaction 49T'L(3He, d)SOV, while -Figs, III-5 and
6 are typical proton spectra from the 48T1(3He, p)SOV reaction.
For the (3H¢, a) reaction, the track—to—background. contrast in the
Ilford K-1 plates was so low that PAULETTE did not'éroduce

1 3 ‘
> V(3He,a)50V reaction

reliable results; so the plates from the
were counted by human scanners. A typical spectrum is shown in

Fig. IlI-4,

E, SEectr utri DecomEos ition

Spectrum decomposition was simplified by the use of
~ the program AUTOFIT written by Spink (Sp65). The inputs to the
program were a standard peak shape from a well iéolated peak in
the spectrum, the positions on the emﬁlsions of all the significant
peaks, and a backgrodnd curve. The results produped by
AUTOFIT include the yield (area under peak minus background),
yield error,v‘po_sitlon, and position error of each peak. Peaks
spaced not more than 30 keV apart overlap and must be separated
by fitting the standard peak shape to the experir'n'entall spectrum.
After doing thié, AUTOFIT also produces a graphic output of the
individual fitted peaks as a smoot‘h curve (atop the given back-
ground) superimposed over the original data points. From this
graph it is obvious if the fitting has gone awry.

The yield errors calculated by AUTOFIT are larger
than the statistical uncertainty in-the yield. However, they are a
consistent rﬁeasure of the uncertainty in the yield of'one.peak with

respect to the yield of another peak. The advantage of these error
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estimates is that they include the uncertainty of the fits not only to
the peak with which they are associated but also to neighboring

peaks and to the background.

F. Normalization of the Yield to Absolute Cross Sections
WWMVMMWWWW

In order to establish the absolute crbss section of a
reaction, the number of scattering centers in the target must be
determmed e.g., by measurmg the elastic scatterlng of charged
particles from the target of interest under conditions in which
Rutherford scattering dominates. To this end the elastic scattering
of 8-MeV 3Hé++ 'ions from the targets 48Ti, 49‘Ti, and 51V was
measured. Since the 3He++ Coulomb bé.rrier for these nuclei is
about 9 MeV, and since the measurements were cafried out at
forward angles (12°, 17°, and 22° lab.), we assume that the
scattering is entirely Cdulomb'in nature, Further,- using three
angles provided a check that no interference ~phenémena were
present, .‘ -

The uncertainty in the normalization is due to several
factors: 1) Counting errors may occur in scanning to convert tracks
in the emulsion into spectra. These are expected:tq be no worse -
than similar errors in scanning.the emulsions from the reactions.

2) Target nonuniformity may contribute significantly to the

Anormallzatlon error masmuch as the beam spot may not always

fall on the same place on the target. 3) Uncertamtles in beam-
charge integration for the very lowvexposures neces‘sary in the
elastic scattering may contribute significantly to.the normalization
error. 4) The extent of deviation from Rutherford sc_;attering is
unknown. However ’such deviation, if present, is expected to be
small. As a result of the above, a.-n overall normalization

uncertainty of 20% is set.
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G. Results of the SEectroscoRic Measurements

This section will present the results of the measure-
ments in the split-pole spectrograph in the form of 1) excitation
energies and 2) angular distributions from the 49T’i(3Hé, d)SOV,

51 3 50 48 .50
V( He,a) 'V, and Ti(:‘}He,p)5 V reactions induced by 22-MeV

3. 4 |
incident "He and from the 8Ti(3He, p)50V reaction induced by
. .3 ‘
13-MeV incident He.
The uncertainty in the excitation energy is estimated

4 3 50 5
9Ti( He, d)” 'V and 51’\/(3He,a) 0V reactions;

to be 15 keV fér the
and the peak widths (FWHM) are 22 keV in the former spectrum
(Fig. III-3) and 30 keV in the latter (Fig. III-4). The peak
width is larger for the latter than for the former because the -
' straggling in coming out of the target is grea;.tér for the alphas than
- for the deuterons. The 15-keV uncértva'mty in excitatlbn energy is
small enough to allow unambiguous identification of lg'vels below
2 MeV in the two reactions. At higher excitatidn ené‘r gies,
however, the nuclear lévels become so closely spé.ced that one
cannot be certain of corresp.ondence.

The 48T'L(3He, p)59V reaction-has a“very‘ low cross
section which has made 'the use of a very thin target for é.ngular
distribution impractical. The FWHM observed in Figs. III-5 and 6
is 75 keV, However, to check for closely spaced levels, a thin
48Ti target for_‘which the resulting peak width was 42 keV (FWHM)
was used and an exposure was taken at one angle (70)‘. ’.

The experimental angular distributions are shown as
the points in Figs. III-7 to III-10; error bars are,shown‘except_ when
they are smaller than the points. The smooth cur?és are the resuits

of the distorted-wave Born approximation calculations and will be

discussed in Chapter IV.
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The 49T’L(3He, d)SOV reaction is special in two

respects, First 49T1 is a rare isotope of natural tité.rﬁum and a
very pure térget cannot be made, (QOur "49Ti“ target is only 76%
'49Ti, whereas our 51V and 48Ti targets are more tﬁan, 99%. pure.)
The impurities in the 49Tl target result in contaminants in our
spectrum from the reactions 48Ti(3He, d)49V and'SOTi(?’He, d)S‘IV.A
Spectral peaks resulting from these contaminants’ were identified
by carefully measuring the Q values of peaks as a funcﬁon of the
scattering an'gie and examining the results for .kinerhatic energy
shifts that were lnconsisteﬂt with a mass-49 target. Since the
- inconsistency wbul_d be of the order of 1 part in 50, plates were
exposed at eleven angles up to 900. This has been sufficient to

48, 50

identify spectral peaks resulting from the Ti cont_;a.n'inants in

the target. These are marked with X in Fig. III-3.

49T'1(3He, d)SOV measurement has

- Second, the
recently been published by Bishop et al. (Bi70). fI‘h'Ae.measurement
repbrted here will be seen (Table III-1) to be in agreement with the
work of Bishop except for the levels at 1305 and 1333 keV
excitation. We observed these levels to be partially obscured by
contaminant peaks corresponding to the 90- and 150-keV levels
populated in the 48T'1(3He,d)49V reaction, and this shggests these
levels are also obscured in Bishop's work. Chapter VI of this
work will show the spin and parity of the 1333-keV state in 2% to
be JTT = 1+, but this is inconsistent with Bishop's c.onclu:_sions.
However, the discrepancy can be understood if a small yield from
the 28Ti contaminant is obscuring the peaks of interest at forward
angles in his angular distribution. V

‘The energy dependence of the absolute cross section

at the maximum of the ground-state angular distribution revealed

another dis‘)c‘repancy. The ratio of the value Bishop et al. obtained



TABLE III-1. Experimental data on 5°V4 ,
50, W0 s 9p S 50y b 9 Bhe, )0y © Sty 50y 9 s1_3 50, e Bri’He.p) OV
Level p,p , i("He, (d,t) . V(He,a)"V. 22 Mev '3 Mev 5"
pumber E, E, E, 21+ 4 E, £ E do) E do
(MeV) {Mev) P ey P TS Mevy - 1m0t ey 'm0 . " ek o ‘“’)ma.
_ i (MeV) © (Mev) :
. (pb/ar). {ub/er)

1 0.0 0.0 3 0.0 3 0.91 0.0 1+3  1.57 0.0 319 o

2 -0.226 0.226 143 0.226 1+3 0.023+0.38  0.228 1+3  0.66 “0.226 3 0.9 4

3 0.321 0.318 3 L0.320 3 0.60 0.321 1+3 0.9 0.320 313 “h

4 0.358 0.350 143 0.355 3 0.55 0.357 1+3  0.56 0.355 3 0.7 ch

5 0.390 0.388 3 0.388 1+3 0.0140.38 0.387 143 0.32 0.388 3 0.5 @h

‘ 6 0.838 0.836 0.838 143 0.01+0.36 0.838 143 1.01 0.838 3 1.3 .
7 0.911 0.911 3 0.911 3 1.3, 0.911 143  2.67 0.911 3 3.1 7*
| 8 1.305 1,307 143 1.305. 143 0.005+0.18 1,301 143 0.33 1.305 3 o.5

9 1.330 1,347 143 1.333 3 0.25 1330 1 +3 0.3 1,333 3 0.2 1.325 o 31 1.333 o0 4 1t

10 1.404 1402 1 1.405 2 45 1.408 2 25

1 : 1.500 0 32 1.490 0 39 1*

t2 1.519 1.518 . 1.515

13 1.561 1.570 .
14 1.701 1.710

15 1.725

16 1.753 1.750 4 18

17 1.760 1.757 1.765 3 0.2

18 1.808 1.810

19 1.884
20 L 1:937 . .
21 1.957. 1.950 3 0.6 1.950
22 2.038 2,030 . 2.040-
23 - 2,112, S2e10 1 002 . 2107 T3- o1t ’ .
24 2.133 o 2.140 4 12
25 2.162 2. 115 . 2.150 ’
26 2.314 2.300 1 2.300 1 o0.04 2,310 3 0.3
27 2.342 2.348 1 2.350 1t 013 2.350 2.360 4 6 )
28 2.399 2.425 0 20 2.195 o 34 uh
29 2.422 2.427 0 2420 o o.22 2.422 '

30 2.456 2.467 1 2.460 ' ETR 2.460

31 2.481 ) S,
32 2.492 2.495 o




TABLE UI-1. {Cen't.)

et 50y(0,51°0 * i He, a0V 910 He, a0 € S1ya.0%0 51y 3e 050 © i He,p 0 ! ]
mumber E, E, £, e E, E, 22 Mev 13 MeVv J
. ’p ) 21#15 'n 1 =3 ln S l‘:x L. ' do. Ex d—q]
(MeV) (MeV) (MeV) (MeV) (MeV) (MeV) g '"? ‘max (MeV) np .‘m max
. i {ub/sr}) {ub/sr)
33 2.512
348 2.533 2.542 0 2.535 0.17 2.535 3 0.2 2.525 2 8
35 2.600 2.595 2.595
36 2.655 2.658 1 2.650 0.05 2.645
37 2.738 2.737 0 0.5 -
38 2.763
39 2.792 2.799 0 0.9 ,
40 2.815 2.814 2.810 0.013 2.815 0 37 2.819 0 5 uh
41 2.828
42 2.849
43 2.875 0 0.7
44 2.931 2930 0 0.3
45 2.958 -
46 2.965 2.966 143 2.960 0.07
47 2.992 2.996 2.990 0.022 2.985 2,992 2 15
48 3.011 ) .
49 3.099 3.101 1 3.100 0.02
50 3.095 2 0.4
51 3111
52 3142 3140 3.138 0.05 3.135 3140 2 45
53 3.169 ' .
548 3.202 3,217 2 1.3 3.220 o 56 3.240 0 105
55 3.255 0.02
56 3.274 3.215 4 19
57 3.297 ' 3.285 '3.295 0.2 ’
58 3.312 3.300 3 0.4
59 3.433
60 3.482 ) 3.472 3 0.2 3.465 0 77 3.474 . 0 155 uh
61 3.537 3.540 0.056
62 3.566 3.568 0 35 3.575 0 68 ah
63 3.595 3610 3 0.2

LS



TABLE II-1. (Con't.)

504,50 49 e, )% ® 491;(3He,d)§°v ¢ Sty 0y 51y He, 00 © B e, 0y !
Level E E E E E 22 MeV 13 Mev s
. x x x 2141 x . x
fiumber lp ) 37+ 1 [ (=3 ) s Ex an :_;I Ex Ln . :;;-1}
(MeV) (MeV) (MeV) (MeV) (MeV) (Mev) “max (Mev) P "max
. (rb/sr) (ub/sr) :
64 367 3.655 3. 660 19
65 3. 700 3,713 3,700 0.02 3.700 0.6
66 3.722 :
67 3.730
68 3.749 3.795 0.2 3.790 23 3.790
69 3.813 1 3.813 0.047
70 o 3.840
71 3.885 1 3.883 0.028 3.885 3.860 38 3.870
72 3.939 1 3.915 0.01 .
73 3.955 0.01 3.950 3.948 34
74 4.035
75 4.081 1 4,080 0.027 4.095 4.072
76 4,124 4.115 4.137
77 4,151 1 4.150 0.065 4.150 69 4.145
78 4.213 .
79 ' 4,240 4.262 50 4.245
80 4.282 4.300
81 4.340 4.345
82 4.407 4.395
83 4.430 4.427
84 4.441 4.445
85 4.485 0.2
86 4.513.
'87 “4.555 4,562
88 4.581 4.585
89 4.602 4.615
90 4.664 4.650
9t 4.715 49 4.720
92 4.774 4.770 .
9ah 4.833 4.820 4.820 0.37 4.823 95 4.816 0 98 o*
94 4.898 '
95 4.928 4.920 4.940 55 -
96 5.018

8¢



TABLE HI-1. (Con't.)
504,510 493 he, 40 ® i PHe, 00 © snvm’t)'soV d 51y e, a) 0 © B riCHe, Oy
Level 22 Mev 13 MeV
number x‘:x Ex l‘:x ! Zi+ 1 Ex t S Ex S
. P 2] + 1 n 1 =3 n E de E de
(MeV) (MeV) (MeV) (MeV) (MeV) . * Lp an ax * Ly an max
{MeV) {MeV) .
{ub/sr) (pb/g_r)

97 5.058 5,070 5.042

98 5.090

99 5.326

100 5.409

101 5.531

102 5.645

103 5.755

104 5.786

105 5.820 ’ -

106 5.893 -

107 5.951

108 6.560

109 6.610

1o® 8.588 0 160
111 9.115

112 9. 164 ’

*Bu 69.
gt 70.

'CT_hia work. The quantity [(iJf + l)/(ZJi + 1)] S was calculated on the assumption that J = ¢ + } for the transferréd proton.

90 69.

®This work. S was calculated on the assumption that J = ¢ + § for ti:e transferred neutron,

‘Thiu work.
Bpossible doublet.

hItwbzn-ic analog state.

65
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at E("He) = 15 MeV to our value at E(’He) = 22 MeV was 8:9,
whereas the DWBA calculation to be discussed in Chap. IV predicts
a ratio of ~1:2, Since there currently is speculation on the |
possible breakup of nuclei su'ch as the 3He and the deuteron in

high energy (>20 MeV) reactions, and since this would result in

. inaccuracies in the DWBA predictions, we have remeasured the
absolute cross section at the ground-state maximum at E(3He) =15
MeV (maximum at 250) and 22 MeV (maximum at 21»0) under the
same conditions so far as the uncertainties listed in Sec. F of this
chapter allow. The result is that the ratio is 1:2.:2, in agreement
with the DWBA prediction (to within the 20% uncertainty in the
DWBA' calculation).

4 |
1. 9T'L(3HeLd)50V Reaction Induced by 22-MeV Incident 3He

Forty-three peaks in the spectrum up 'to 5.1 MeV
excitation are seen strongly enough to assign as levels in 5OV.
These are listed in Table III-1 and are plotted in Fig. III-3.

Of the 43 observed 50V levels, 31 are seen
strongly enough to determine their angular distributions. Theée
are presented in Fig., III-7. Three shapes may be distinguished by
the position of the first maximum. A maximum at 0° and the first
minimum at 1'20 is characteristic of the level at 2. 535 MeV; and this
shape will be identified \'vith £ =0 in Chap. IV. The second shape
is distinguished by the positioz of the first maximum at 10° and is
examplified by the level at 2,650 MeV (£ =1). The third shape
has its first maximum at 22° and may bepobserved in the ground
state (fp = 3). In Chapter IV several low-lying levels will be

shown to be combinations of lp =1 and ‘3.
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51,3 50
2. V("He,a)” "V Reaction Induced by 22-MeV Incident 3He

Fifty-three levels up to 4.82 MeV excitation in 'SOV
are seen in this reaction, but only 27 (includ'ing all 9 levels below
1.4 MeV) are-s.trongly populated. All observed levels are listed in
Table III-1. '

| The angular distributions (Fig. III-8) from the
(3He, a) reaction have an exponential-like decrease wl’;ich masks the
details of their shape and the positions of their fir"st‘maximgm.
However, four of the angular distributions may be distinguished
from the'rest on the basis of the cross section at 9_0. For the
Ileve.l at 2,790 MeV, for example, the differential cross section at
90 is an order of magnitude lesé thén.would be predicted by an
exponential extrapolation. This minimum at 9° will be interpreted
in Chapter IV as characteristic of an ln = 0 transfer.

48 _ 3 5 ‘
3. Ti(3He, p) OV Reaction Induced by 22-MeV Incident 3He

Thirty-oné levels are observed up to 5.0 MeV, as
'listed in Tab"le III—i. Angular distributions are obtained for 24
well-resolved levels. . However, at excitation energies above.4.‘0
MeV the number of states becofnes so large that structure in the
angular distribution of one peak tends to be washed out by the
contributions from overlapping neighboring peaks.

Three different shapes of angular distribution may
be discerned. Those having a sharp minimum near 14° are
r-epresenged by the state at 1.500 MeV (an = 0). An angular
distribution with a wide maximum at about 14° is exemplified by
the state at 1,405 MeV (an = 2). ‘Finally an ‘angﬁlar distrlbdtiqn
with a very wide maximum in the vicinity of 22° is seen in the

distribution of the s'tate at 1,705 MeV (L = 4),
np
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48 5 '
4, T1L3Hel p)” OV Reaction Induced by 13-MeV Incident 3He

Measurements on the 48T1(3He, p)SOV reaction at
E(3He) = 13 MeV were undertaken to gain.the good resolution needed
to identify the 50V levels observed in the 48T‘L(3He, py)SOV reaction
.and to obtain the neutron-proton orbital-angular-momentum transfer.
Fifteen levels, including all 11 levels seenin the garhma decay, are
seen well enough to assign excitation energies. Ten of-these 11
levels were seen strongly enough to obtain angular distributions.
(The angular distribution of the level at 3. 240 MeV_‘is the sum of the
distributions of the 3. 205- and 3.225-MeV levels seen in the
vy—decay measurements. )

The levels seen in the gamma decay (‘a_.ll those
presented in Fig. III-10 except the state at 1.405 MeV excitation)
all have a peak towards 0° and a minimum from 20°to 30°
(Lné = 0). On the other hand, the angular distribution of the
state at 1.405 MeV shows a wide maximum at 250 (an = 2). The
ten angular distributions with L = 0 may be divided into two .groups
distinguished by the sharpness of the minimum. The minima for
the two isobaric ané.log states at 4. 816 and 8.588 MeV (which are
J7 = 0+ and must be pure Ln = 0) are distinctly shérper than those
for the seven other an anguﬁar distributions for which the
minimum can be seen; in the case of the remaining an = 0 angular
distribution (for the state at 3.575 MeV), the angular distribution is
obscufed at 290 where the minimum would be. Thesé seven
angular distributions could be mixtures of an =0 a:nd an =2
(which would fill in the Ln = 0 minimum) and would then

+ .
necessarily be J" =1 levels. This mixture of L values will be

discussed in Chapter IV.
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IV. THE DISTORTED-WAVE BORN-APPROXIMATION
(DWBA) ANALYSIS

A. Nature of the Analysis

‘The purpose of the DWBA analysis is té allow the
extraction of spectroscopic factors for one-nucleon transfer reaction
by comparing the experimental angular distribufions with those
calculated with the DWBA. The spectroscopic factor of a final
~ state is defined as the sqﬁared magnitude of the overlap integral
of the wave function of the core nucleus plus the one transferred
nucleon. The DWBA allows the calculation of the angular distri-
bution of a one-nucleon transfer reaction in which the initial state
is an inert corc plus the transferred nucleon in a single-particle
state. By comparing the experimental angular distribution with
those calculated by the DWBA, one is often able to ident«ify the

major single~particle states and to extract the strengths (spec-
troécopic factors) for final nuclear states. |

. Section B of this chapter will describe the formal-

ism of the DWBA analysis used to calculate the transition amplitude.
The major approximations used in developing the analysis \ﬁll be
listed, but no evaluation of their effect on the DWBA will be ﬁnder-
taken. Many such evaluations have already been given (Gl65,
Bo67, Wab8) mostly in the form of Ph.D. theses. In most applica-
tions of the DWBA, consistent results for the shapgs"'of the angular
distributions and for the magnitudes of the relative spectroscopic
factors for one-nucleoﬁ transfer reactions are obta'ined so long as
sufficient care is taken in the selection of input parameters. Algso
this work has included no attention to the difficulties of actually
calculating the DWBA angular distribution via computer codes.

Such problems exist but have been reviewed elsewhere (Ba62, Bob7).
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Section.C of this chapter will discuss the results of
the DWBA calculation and the parameters used in the calculations.
‘The DWBA fifs to the experimental.angular distributions presented
in Chaptef III,a'nd thé extracted spectroscopic factors and angular- -

momentum -transfer values will be presented in Section D.

B. DWBA Formalism and Approximations
e i i e Yo e W VL L L L P L LV

The transition amplitude for the reaction A(T,B)B

may be written (Pr62)

T (Iv-1)

= R4
8 = $0ap X! VinT | ¥ra’s
where ¥ A is the exact total wave function with incoming wave
for the particle 7 only and outgoing waves in all open channels,
¢ﬁB is a function of only the internal coordinates of the f and B
nuclei, and XBB describes the relative motion of the paii' B-B.

The wave function XﬁB is defined by .

[, K )
1V + PZB - f3B [UﬁB BB) + Vv (rﬁB)] xﬁB(KBB BB) =0, (IV-2)
h ‘h

in which KBB is the relative momentum, p'ﬁB the reduced mass,
r‘:_;B
pair B-B (Bab62). The potential U

the displacement vector, and VC the Coulomb potential for the
BB has been introduced to approxi-
mate the interaction between B and B.

In order to get U, _, let us consider the total nuclear

BB
Hamiltonian
H=H, + ), V., =H, + Vop - (IV-3a)
i<j 1 A
in which
, | 5 .
2 “MgB '
_ . BB -3b
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where the Vij are the two-body potentials among all the nucleons
in the B-B system. Introducing UBB into the Hamiltonian, we
obtain

H=(H,+U -U . Iv-4

(Hy + Ugp) + (Vop - Ugp) (1v-4)

To the extent that the two-body potential UﬁB may ‘be made
equivalent to the many-body potential,VBB, the second term may
be made small. If it is assumed that elastic scattering is the

dominant process when 3 and B interact, and if U __ (and hence

XﬁB) are selected to reproduce the elastic scatter?r?g,«j:he second
term is expected to be small.

Now that the procedure for approx1mat1ng X[3B as
been estabhshed one can state the Born approximation to allow
calculation of the initial state in Eq. (IV.-1). If the total energy of a
particle is 4e'verywhere large compared with the s:"catteri»ng potential
VINT’ then the form:-of the ?ncident wave cannot be greatly per-
turbed by the scattering field. One can then assume that each volume
element within the scattering field produces a scattered wavelet |
whose amplitude is jointly proportional to the scattering potential
and to the amplitude of the incident wave at the volume element.
The wave fﬁnction \IITA is then approximated by L’JTA, which is a
solution of an equation analogous to (IV-2). The potential U'TA
is chosen such that L'JTA reproduces the elastic sc;tt‘ering of r
on A. With the above introduction, the Born approximation will
now be developed quantitatively.

‘ The Hamiltonian of the 7-A systerh, written in

analogy to Eq. (IV-4), is

=(Hy + U )+ (Vo - U ) (IV-5)

Now let

) and W=(V_, -U_,),

K=(H, +U TA TA

TA
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- where K is a Hamiltonian that reproduces the elastic scatter'ing of
T on A, and W is the potential of the interaction leading to all other

channels. Then \I/TA and ¢’TA are solutions of the egpations

) = = inh ¥ ior

H\I/TA (K+ W) \I/TA E\IfTA ‘ (inhomogeneous equation)
and

KqJTA = ETA¢TA s (.-homogenequs equation)

whose respective Green's function solutions are

G

t/(E - H),

G, = {/(E-K).
Then

T, = (1+GW)y . (1Iv-6)

is a solution of the inhomogeneous equation. From the identity

1/A --1/B = (1/B)(B - A)(1/A), it follows that
G =G, + G, WG. , (IV-17)

Then using Eqs. (IV-6) and (IV-7) yields a series approximation

for \IITA known as the Born series, namely
\I/TA =1+ GyW+ G,WG, W + - - ')l.lJTA'
If UTA is chosen properly, the series will converge. The Born

series an‘d its convergence is discussed in more detail by
Goldberger (Gob4, p. 114). The DWBA assumes that the series
converges and that using the first term is sufficient (i.e., that W
is small) if U'rA is chosen to provide wave functions that reprovduce
the elastic‘scattering of T on A (i.e., if UTA is chosen on the same

basis as U{3B)'
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The remaining step is to approximate the interaction
potential in a form that will allow calculation of the transition
;mplitude. The potential VINT in Eq. (IV-1) is by definition the
potential of the interaction that causes the transition from the

initial to the final state. Since Z is approximated by qJTA , the

A .
"elastic' wave function W has been ignored in Eq. (IV-5) and hence

W must be the potential that produceé the transition, i.e.,

ViINT =W = Voa ~ Ui

Let the nucleus A be composed of the nucleus B phis the transferred

nucleon p. Then . ' S
VINT * (Vﬁ tVee " Urar

from which, if it can be assumed that Vl’rB = U'rA’ it follows that
Vint 7 Vop

Then

XﬁB, V“rpl oal

TTﬁ(DWBA-) = <¢BB

If the wave function ¢ is divided into its wave function of internal
T .

A

coordinates ¢’TA and relative coordinates y A just as BB has been,
T .

the final distorted-wave Born-approximation transition amplitude

is found to be

T, 4(DWBA) = ”XpB <¢BB|VTPI¢TA) LY EI (IV-8)

where the angular parenthesis is called the form factor.
The cross section is defined in terms of the transi-

tion amplitude as
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do _ Pratpn “pm Y T|%, (IV-9).

aQ - 22 K
(2wh ) TA
) 2 . .
where LI TI represents a sum over the final states and an average
over the initial states.
The approximations that go into the DWBA calculations

will now be enumerated.

1) The Born approximation, The ap‘prbximation is

to take only the first term in a series expansion (Born series) in
the '""powers'' of the potential. The criterion for vali&ity of the
Born approximation is that the series converge sufﬁciéntly rapidly.
For the cases of interest here, Goldberger (Gob64) ‘shows that the
series does converge, but he gives no estimate of the error intro-
duced by taking only the first term in the series. .

2) The locality assumption. An implicit assumption

is that the potential observed by the wave function that represents
the state is a local potential; that is, the potential depends only

on one (3-dimensional) coordinate . A more realistic assumption
would reflect the fact that the presence of a particle at T influences
the probability of finding another particle at T in the neighborhood
of ?, and hencé affects the potential. There is some evidence that
S’l’lch nonlocal effects account for the observed energy dependence
of local optical-model potentials (Bo67). In order to obtain poten-
tials at one incident energy and use them at other incident energies,
and to take the nonlocality into account, one may assume (a) that
the nonlocality is describable as a function with reasonable behavior
so that the local-energy approximation (LEA) is yaiid (Bo67) and

(b) that the nonlocality has a Gaussian shape of width T. Then

the ratio of the wave function from the nonlocal potential to the

wave function from the local potential is
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X 2 -1/2
NL oy D u,
X1, 21

The Xy, ™2y now be used instead of Xp, in Eq. (IV-8). No estimates
of the improved accuracy are available (Gl65, Bo67, Ku69).

3) The zero-range assumption. To enable a digital

computer to calculate the transition amplitude withinan acceptable
time, Eq. (IV-"8‘) is' reduced to a single integral by use of the zero-
range assumption. This corresponds to assuming that the outgoing
particle B is created where the incoming particle 7 is absorbed,
and‘may also be treated in the LEA. If the potential V'rp is assumed
to have a Gaussian dependence on the relative position ?'rp’ rather
than to be a delta functioh, the result is to modify the form factor
(1 e., the wave function of the bound particie p) by the factor

[ 2

87p 2
14+ 52 B P - - -
i, +hz m_ RIU,a "Yss " Vp ™ Frinpl}

-1

where R is the range of the Gaussian 7-p interaction, mp, mp,

and m_ are masses, E is the separation éhergy of particle p

BIND
in nucleus B, and Vp is the potential that binds the particle p to the
‘nucleus B. |

4) The assumption of an average potential. The

potential that binds nucleon p to the nucleus B is assumed to be
édequately represented by an average potential of Woods-Saxén
.shape. The depth of the \;vell is adjusted to produce the experimen-
tally observed p-B separation energy, but little else of this potential
is experimentally justifiable. Even this adjustment of the well
depth has been shown to be in error for reactions that leave the

nucleus B in an analog state (Bob7).
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5) The assumption of a spherically-symmetric poten-

tial. Equation (IV-2) aséumes a spherical form of the optical-

model potential although some nuclei are thoﬁght to be statically
deformed (Mab6).

6) The assumption of a real potential. The optical-

model potential that represents the scattering of 7 on nucleus A
is assumed to be equal to the real potential between r aﬁd the
nucleus B. Some implications of this assumption are‘ currently
under investigation (Ku70). We can reasonably suppose that a
careful cﬂoice of optical-model potentials will minimize errors

due to this approximation.

7) Ambiguities in choosing the opti‘cal pofenfial.
The careful choicé of optical-model potentials means that the
elastic-scattering angular distribution obtained at the appropriate
energy is fitted with the optical model. This may be carried out
generally on the target nucleus A; however, in addition to the
familiar optical-model ambiguities, an uncertainty in the optical-
model p.arameters is introduced by uncertainty in the experimental
angular distribution. Ewven if it is demonstrated that a change in
parameters does not change the elastic scattering by more than
the experiméﬁtal uncertainty, there ié no guarantee that the same

parameter change will not have a great effect on the wave function

" generated in Eq. (IV-2) and hence greatly change the DWBA calcula -

tion results. This difficulty is heightened by the fact that the

fit to elastic scattering only puts requirements on the asymptotic
behavior of the wave functions y; their behavior in the region of
the nuclear interior is undetermined. Some of thi‘s_indeterminancy
may be taken into account by assuming that there is no contribution
to the transition amplitude from the nuclear interior and therefore

that the integration of Eq. (IV-8) can be restricted to the nuclear
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-exterior. A common experimental difficulty encountered in fitting
the optical-model curves to thé data on elastic-scattering from
the residual nucleus is that often the residual nucleué is unstable.
The correctness of approximation 7) Wi.ll be partially
reflected by the ability of the DWBA to calculate the experimental
angular distribution in Sec. D.- The DWBA calculations for the
reactions (3He,d) and (3He,a), ih which one nucleon is transferred,
are more likely to reproduce the experimental distribution than
are calculations for the (3He,p) reactionl, in which a neutron-
proton pair isA transferred. The n-p pair may be cénsidered to act
as one quasi-élementary nucleon (a deuteron) but certainly 4some

of the preceding assumptions will be further stretched.

C. DWBA Input Parameters and Results

The philosophy guiding the selection of input para-
meters for the potentials U assumes that if a set o’f'parameters has
been sﬁccessfﬁlly used by others 1) for the same reaction, 2) at
about the same particle energies, and 3) for nuclei close to mass 50,
then it will be successful also for these measuremenfs. For each
of the reactions described in this work there are éeVéral sets of
parameters satisfying the above réquirements ,i as might be expected.
because of the ambiguities in fitting the paramete‘rAs_ of the potential
U to elastic scattering. |

| ‘For both one-nucleon transfer reactioné, several of
the available parameter sets have been tried and they produce
almoAst identical shapes for the angular distribution of the reaction.
For the (3He,p,) reaction in which an n-p pair is conéidered to be
transferred as a deuteron, one observes some differences between
the shapes of the reaction angular distributioﬁs calculated with

different parameter sets. Section IV D will show that the DWBA




72.

fits for deuteron transfer are considerably worse than for one-nucleon
transfer, and thé small differences in predicted shape are com-
paratively unirﬁportant. '

The final parameters chosen are listed in Table
IV-1. A local potential was used and finite ranges R-= 0. 770 F
for (3He,d) ana R =2.0F for (3He,o,) were chosen.. For the oﬁe-
nucleon transfer, the parameter set chosen was the one that best
sa{tisfied the surﬁ rule for the g=3 spectroscopic factor (to beA
- discussed in Chap. V). Since it is not possible to extract spectro-
scopic factors for the n-p transfer reaction, the éhosen parameter
set was the oné that gave the best fit to the data at-both 13 MeV
and 22 MeV incident 3He. '

49_. 3 50
1. 9Ti( He,d)” Vv

Figure IV-1 shows the results of the DWBA calcula-
tions for the 49Ti(3He,d)50V reaction; the orbit of the transferred
proton is indicated. For each orbital, a curve is shown for each of
two different excitations in SOV, vnamely at 0.0 and 4 0 MeV —the
extremes of thexexperimental excitations. The slight differences
observed between the angular distributions for the different excita -
tions result from 1) the different binding energy between the
transferred proton ahd the 49Ti core and 2) the different energy
of the outgoing deuteron. |

- The calculated angﬁ\lar distributions for different
orbital-angular-momentum transfer show distinct shapes which
are independent of the total angular-momentum fransfer Js
sé only j = ¢+ % states are shown in the figure. Thus by cdmpar‘ing
the experimental distributions with the calculated ones, the
transferred orbital angular momentum ¢ is obtained. " Once ¢ is
known, the change of parity is known and the possible spins of the

final states are limited.



TABLE IV-1. DWBA input parameters for the potential

A_td
45.2 r dr

V(r) = V[f(x#) + flxg) T ~'§]

Fi(W 4 w'd/dﬁ)f(gl) +V (T, ),
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: S 173N\~
. ) r-roiA
(xi)— +exp a.
1
Y A TOR *rR w w Toy o Te
(MeV) ‘ (F) (F) (MeV)  (MeV)  (F) (F)  (F)
4 3 50,
9riCHe, 4y v 2
5
He -167.9 0.0 1,07 0.775 -16.79 t.611 0.600 1.4
d -112. 0.0 . 1.0 0.900 0.0 72. 1.55 0.47 1.3
p d 0.0 1.1 0.65 1.25
513 50 b
V( He,a) V
3He -168.0 -0 - 1.07  0.775 -16.79 0.0 1.610° 0.600 1.4
a  -140.1 0 1.480 0.529 -22.9 0.0  1.480 0.529 1.4
n d 25. 1.20 0. 65 1.25
48_. 3 0
Ti( He,p)s v©
3 He -173.77. 0 1.14 0.73¢  -16.21 0 1.604 _ 0.753 1.4
P -53.6 0 1.217 0.6 0 68.4 '1‘._2'64 0.31 1.25
' 1.2

d d 0 1.2 0.65

®Based on Ref. (Dob7).
PRased on Ref. (Bob7).
CBased on Ref. (Ra70).

d . :
Adjusted to reproduce the experimental binding energy.
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There also exists the possibility that a level of

V may be populated with two different ¢ transferé, so long as
that is allowed by parity conservation. For example a' P and.f
mixture is alldwed, but a d and f mixture is forbidden. In case
of an allowed mixture, Eq. (IV-9) predicts that the angular distri-
bution will be the sum of the two angular distribﬁtibns. In favorable
cases we expect to be able to tell if an experimenté.l angular distri-
- bution includes a significant amount of a second orbital angular-
momentum transfer,

51 3 50
2. V(" He,a) V

Figure IV-2 shows the DWBA calculations for the
neutron-hole transfer. The structure is seen to differ from one
{ transfer to another, but it is somewhat obscured by the exponential
decrease with increasing angle. Although the different ¢ transfers
may be distinguished by the differences in the slope-and by the
- structure, mixtures of two ¢ transfers in the 50V v;ave_ function

will not be discernible.

0
3. 48Ti(3He,p)5 \'4

Figures IV-3 and 4 show the DWBA calculation for

the transfer of a deuteron as a single particle int6 th-e 48Ti core
for E(3He) =22 and 13 MeV, respectively. If the largest angular
momentum for each nucleon is 3 (i.e., an f orbit), the deuteron may
find itself absorbed with L = 0, 2, 4, or 6. As in the (*He, d)
calculation, the shapes of the angular distributions are distin.ctive
and one may expect to be able to assign the L value for each experi-
mentally observed level. |

. One might also be able to discern mixtures of two

L values. For instance, mixtures of L = 0 and L = 2 might look
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like the L = 0 distribution except that the L = 2 distribution would
fill in the first L = 0 minimum, Because 48Ti has a o ground
state and the deuteron has spin 1, admixtures of L =0+ 2 can
leaci only to states of J" = 1+. Unfortunately the greater uncer-
tainties associated with the DWBA calculations for two-nucleon
transfer make tfle procedure questionable. In fact Réo (Ra70)

has shown that even in a more precise treatment of the DWBA

for two nucleons (each bound to the core separately instead of as

a deuteron), some 1egitimate parameterizations of the potentials U
cause the first minimum of the pure L = 0 angular distributions to
fill in. On the other hand, if one pure L =0 angulaﬁr:distribution
with the deep minimum (such as is observed for the 0+ isobaric
analog state in fhis wofk) can be found 'experimenfally for compari-
son, then it may be that one can tentatively aséign 1+ to states for
which the angular distributions are similar in shape to those for |

L = 0 except that the first minimum is shallow.

D. Extraction of the Spectroscopic Value and 4 Transfer

The procedure for extracting the orbital momentum
transfer by DWBA is obvious from the discussion in Chap. III.
The fits of DWBA calculations to the experimental angular distribu-
tion, shown"as‘ smooth curves in Figs. III-7 to III-10 allow the

extraction of the spectroscopic factors by the relations

2 1 <
Te? g 20+t > '
ZJI + 1 4.42 EXP DWBA
4 3 50
for 9Ti_( He,d) V and

2 [/d
S = Jz; 1 d?z ( (IV-11)
EXP DWBA

513 50
for V( He,a) V

(IV-10)
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In Eqs. (IV-10) and (IV-11), J; and J, are the total
angular momenta of the final and initial states, respectively, J
is the total angular momentum of the single-particle state (taken
as J =4 + % in spectroscopic-factor calculations in this work).
The numbers 4.42 in Eq. (IV-10) and 23 in Eq. (IV-il) are
empirically determined normalizing factors. The isospin Clebsch-
Gordan coefficient has been absorbed into the spectroscopic factor
S so that S = CZ,J, In Eq. (IV-10), the product [ (2] + 1)/(2;ri + 1)]S
as a whole will be used as equivalent to the spectroscopic factor
S in Eq. (IV-11). The ratio of cross sections is 'e';ralu'ated at the

most forward maximum.

4 3 50
. 1y He,d) Vv

The g values and spectroscopic values are extracted
- from the data on ‘the levels of 50\'-/ (plottéd in Fig. II-7 and listed

in Table III-1). Several cases idkentified as mixtures of § = 1 and

£ = 3 are indicated in the levels below 1| MeV.

Figure IV-5 displays the spectroscopic factor as a
function of excitation energy for ¢ = 3, 1, and 0. The £ = 3 strength
lies wholly below 1.5 MeV. The g =1 strength is split over the
whole level scheme but is strongest around 3 MeV.‘ The dots in
the ¢ = 1 plot represent spectroscopic factors less than 0. 1. The
£ =0 angulaAridistributions seen for the two levels near 2.5 MéV
indicate tha.f these are negative-parity states. These levels pre-
sumably have ‘configurations with holes in the 251/2 shell.

51 3 50
2, V( He,a) V

© The § values and spectroscopic factors were also
extracted from the data on the 50V levels (plotted in Fig. III-8 and

listed in Table III-1). Figure IV-6 shows the spectroscopic factor
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for the 51V(?’I—Ie,a)SOV reaction fér £ =3, 2, and 0 as a function of
the excitation energy in the fiﬁal state. - A great dealof g =3
strength is observed throughout the whole range of ‘excitation but
is most concentrated below 1.5 MeV. The § = 3 strength is thought
to be overestimated as a result of our inability fo separate | |
admixtures ofé =1 strength. That some levels in 50V_'~a.re popu-
lated through ¢ .: 1 transfer is known from recent work (Dé?l)
on the 51V(d,t)5 V reaction, in which angular distributions with
distinctive shapes characteristic of § = 3 and 2 = 1 we‘re measured.
Negative-parity states populated wit-h £ =0and 2
are seen near 3 MeV. These states must have cbnfigurations
corresponding to holes in the 2s-1d shell. A |

48 3 50
3. Ti( He,p)” 'V

Although spectroscopic factors are not extracted
for the (3He,p) reaction, the an were identified and the maximum
observed cross sections of the levels are displayed on a scale of
excitation energy for each value of I.. For the 22-MeV data
(Fig. 1v-T7), there are displays for L = 0, 2, and 4; but for the
13-MeV data (Fig. IV-8), only L = 0 is presented. The relative
magnitudes of the cross sections for L = 0 transfer at E(3He) =13

and 22 MeV are seen to be similar, as expected.
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V. NUCLEAR MODELS

A, Introduction

In the absence of a complete the‘ory', nuclear models
provide the basis for interpreting the results of nuclear reaction
experim.ents.‘ Numerous models have been proposed but the
present discussion includes only two current models that have had
some success in the mass region near 50V. They ‘are'..(i) the
McCullen, Bayman, and Zamick (MBZ) calculation f(l)r'1f7/2
nuclei in terms of the spherical shell model (Mc64) and (2) the
rotational-particle coupling (RPC) or Coriolis-coupling deformed
shell model developed by Wasielewski and Malik (Wa70a). T.hl‘s
work is restricted to calculations with these models and to
comparisons with level energies, spins, and Spectfosc0pic factors
extracted frorﬁ e.xperimental measurements on 5OV. Inasmuch as
both models are variants of the shell model, the latte.r will be
discussed firtst to provide a basis for further specialization. Each

model and its predlction will then be discussed separately,

B. The Shell Model

Since exact calculations of the N-body problem are
beyond our abilities, some approximations must be made in order
.to reproduce obéerized experimental phenomena, such as the magic
numbe_fs. The basis of the approximation is that the nucleons are

bound in a nucleus whose radius is of the same order of
magnitude as the range of the nuclear force and that the most
important portion of the nuclear forces is a two-body force. The
central approximation is that the potential V,l felt by the ith nucleon
in the nucleus is the resultant of the individual forces of all the

other nucleons and may be suitably approximated by a central



potential which is the average of the potentials due to all the
nucleons, Some elements of the individual potenﬁals cannot be so
represented, but these may be treated as perturbations. The
resulting single-particle Hamiltonian is

A

= Z (T. +V.). (V-1)
L L

HS
P i=1

where T'.l is the kinematic energy of the ith nucleon.
In order to reproduce the values of the magic

numbers, one must also introduce a spin-orbit potential

Vso =of - 5. . (V-2)
With Eqs. V-1 and V-2, the nucleon has the orbital‘angul_ar
momentum £ and the total angular momentum j as good quantum
numbers. The value of a that reproduces the magic numbers
forces the levels with j =2 + 3 to be lower in energy than the levels
j=L -3 for the same L,

With several nucleons forming a nucleus, the spin of
the ground state could be any of the large number of values consis-
tent with the rules for addition of angular momenta. However the
ground-state spins of even-even nuclei are observed to be J = 0,
whereas those of the odd-even nuclei are observed to be just the
shell-model value of j for the (unpaired) last nucleon added,

This is the basis for introducing a pairing potential,. which lowers
the excitation of levels for which nucleons in the same nf j orbit
are paired such that their angular momenta add up to 0. The
pairing potential is another name for the short-range nuclear
force and may be approximated by a é6(r - r') function. The
seniority quantum number ‘v is introduced as a measure of the

number of unpaired nucleons.
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Nuclear levels with v = vg. . + 2 (i.-eb.., one pair is
broken compared to the ground state) are observed to be at some
hundreds of keV. This implies that any unpaired nucleons are
energetically much more available than .paired nucleons and may
be expected to interact more readily with other nﬁcleons or nuclei.
All the paired.nuclei then act as a core and might be ignored. If the
paired nuclei fill a shell up to a magic number, théy are energeti-
cally even more unavailable and the even more ’Lne_rt' core is usually
omitted in any interaction calculation. This omission is called the
truncation assumption, which is that the space spanned by the

wave function excludes the space spanned by the inert core.

1. Spectroscopic Sum Rules

French and Macfarlane (Fré1) have derived simple
relations to describe the total spectroscopic factor‘fo‘r exciting the
T< and T> states in a single-nucleon transfer reaction into the
orbit nfj. For stripping reactions, the sum rule is given by the
equation ' ' |

1ZJf +1 v

L35 w1 Sa T T mraT

_2Jf +1 (V-3)

' .ZZJ,l 1 S

v

j(T>)=—2—T—~I-.1_’-

where J,l and J_ are the spins of the target and final states,

f

respectively, and T _ is the isospin of the grOund. state of the

<
residual nucleus (T> = T< + 1) and m and v are the numbers of
proton and neutron holes, respectively, in the target nucleus whose
isospin is T and whose quantum numbers n, £ and j are the same

as those of the transferred nucleon. For a proton.transferred
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. - 49_.. o
into the 1f orbit in the 9T1(3He, d)SOV reaction, the sum rules

7/2
‘are
25 +1
ZZJ 1T S (T<)=5.833,
(V-4)
27, + 1
ZZJ TT Spej (Ts) = 0.167.

 For pickup reactions, on the other hand, the sum

rules become

(V-5)

where the symbols retain the same meaning as before except that
mand v refer to the number of particles instead Qf'holes. For the
réaction 51V(3He, a)SOV with the neutron picked up from the 1f7/2
orbit, Eq. (V-5) becomes

Lsnlj (T<) = 7.50, o
(V-6)
an“(T>) = 0.50‘.

As seen in Table III-1, the sum rule for the

49

3 5
Ti( He, d) 0V reaction to final states at excitations below 1.5

MeV (the experimental limit of the 1f states) gives

7/2
Z[ (27, +1)/(27 + 1)]S(T<) = 4. 91, which agrees with Eq. (V-4)
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within the 20% DWBA uncertainty. For the 51V(3He,a)50V reaction
to final states with excitations below 1,5 MeV, the experimental
result is ZS(T<) =10,4. This value is 30% over the sum rule
prediction (V-6), but the excess is understood as being due to our
inability to detect admixtures of other { transfers in the angular,
distributions. For the T> states, which lie at high excitation
energy, there is insufficient information to allow the'evaluation of

the sum rule for- S(T>) or for [(.zJf + 1)/(2;r_l +1)] S(T>).

2. Calculations with the Shell Model

When all the perturbation potentials are collected
into the single interaction potential Vij’ the nuclear Hamiltonian

may be expressed as

‘ A
H=H LD N A : (V-7
. L)
i<j=t
' \ . real
The V'Lj are related to the real nucleon-nucleon potentials Vlj
by ZVU = vajeal - ZV,l. The solution of a nuclear problem' now

proceeAds in three steps. First the completely asymmetric wave

function QTOTAL of all the nucleons is written
= E '
He.p. ®roTAL * F®roTAL
¢roraL * ®core®acTIVE

By the truncation assumption, the interaction V . will act only on
. L

cI)ACTIVE'

unnecessary. Second, the interaction matrix between all states

The subscript ACTIVE will be omitted in the future as

r and s is written as
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‘orbit interaction (V-2) leads to an energetically isolated 1f
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H = v, ) ’ V-8
INT <<1>r|i<jz=1 i |®,) (V-8)

INT
are extracted and used as the wave functions of the nuclear states.

The matrix H is then diagonalized. Finally, the eigenfunctions
These wave functions with the appropriate operators may be used to
calculate the properties of the nuclear states.

This three-step program involves two major
uncertainties: (1) the uncertainty about the space spanned by ¢ and
(2) the uncertainty about the residual interaction Vi" Correspond-
ingly, there are two principal approaches to shell-model calcu-
lations: the choice between them depends on which uncertainty is
felt to be the most serious. If uncertainty (1} is felt to dominate the

problem, a detailed residual interaction Vi' is assumed and

wavefunctions are used from as many single-particle shell-model

states as one feels capable of diagonalizing with the available
computing facilities. In principle then, only uncertainties of type
(2) remain. The parameters of Vij are then adjusted to repro-
duce the experimental data. This is the approach of the RPC
model which proposes a source of the interaction, qhd‘ therefore
V... The RPC model will be discussed in Sec. V D.‘

L)
If, on the other hand, the type (2) uncertainties in the

residual interaction are felt to be the most serious, one might make’

very restrictive assumptions on the space spanned by ¢ so that the

interaction matrix elements are determined by only a few numbers
that may be extracted from experimental measuremé nts. Then to

the extent to which uncertainties in the experimental measurement
can be neglected, the calculation is free of uncertainties of type (2)
but may be incorrect due to uncertainties of type-(1). The spin-

7/2 orbit.
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Thus limiting & to the space of tf, , active nucleons will
minimize uncertainties of type (1) in such a calculation. This
has been the approach of McCullen, Bayman, and Zamick and
will be discussea in Sec.. V C;

‘Given experimental measurements and two
applicable models, one is tempted to compare the predictions of
each model with the experimental measurements in order to
determine which model best represents the real world. Howéver,
the critical différence between the two models presented here is in

the method of extracting HI from the experimental data; they

NT
are both the shell model. Conclusions from comparisons between
the data and the predictions of the models must reflect successes

and failures of the calculation of H by the two methods.

INT

C. The Scheme of McCullen, Bayman, and Zamick (MBZ) |

By limiting the space of wave functions to the 'if7/2

orbit only and by extracting the nucleon-nucleon interaction

energies from the levels in 42Sc (in which the 40C'é.Acore is

assumed to be inert), MBZ establish the matrix for Hy 0
Eq. (V-7) for two 1f7/2 nucleons (Mcb64). Fract’iona'l-parentage
expansions then establish the matrix H for more than two

INT

1f7/2 nucleons. The eigenvectors of the nuclear state are then

extracted from the diagonalized H and may be e,'xpressed as a

INT
linear combination of all the states of allowed total angular
. momentum of neutrons and protons. We will use the notation of
MBZ in which j = Zand[ ] represents angular momentum

coupling, i.e.,

(WD) = T @K mm, [IM)KTm )aKm,). (V-9)

mym,
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.. 50 '
"In the MBZ scheme, a state of ~ V (Z = 23,
N = 27) is described as three protons coupled to a neutron hole.
Since the nucleons are limited to the 1f orbit, the neutron-hole

7/2

wave function may have only total angular momentum j = 7.

However the three protons may couple to any one of the total
i1 15
angular momenta L = 3, 2, z, 3, or 2  and senlorlty v. The

50
states of 'V are then combinations of

-1
4,50 YL GTO1Y,

where ¢ is the wave function of the three protoné coupled to

123
total angular momentum L and seniority v and is written first.

Then the wavefunction ¢n of the neutron hole is written,. The spin
of the state is L +-j.'= 1. The wave function of the ath state of spin

I is then

¥(°%, an - Z, oLy, 5y L (J Dy (V-10)

The .coefﬂciehts CaI(VL) are given in Ref, Mc64a, Wave functions
such as those .in Eq. (V-10) may be used with the appropriate

operators 'Ln'c'alculating observable quantities.

1, Predictions with the MBZ Wave Functions

: The calculations of the spectroscopic factors for
49,_.. .3 51

the Ti( He, d) V and V(SHe,a)SOV reactions with MBZ wave
functions is‘gi{ren in Appendix B, and the results are presented in
Table V-1, |

" In Fig. V-1 the experimental results are compared

. with the MBZ predictions for the 49Ti(3He, d)50V reaction., Part (a)

presents the results of the present work, (b) the work of




TABLE V-1, MBZ Spectroscopic Factors.

E (3He, d) ‘3
X 2L + 1 S ("He, a)
(MeV) (T . 2T + 1 -8
. <

1,5811 1 0.24967 0.14036
2.950 1 0.03819 0.06716

4.2158 1 0.12138 1 0.16743 .
0.3197 2 0. 55630 0.45796
1.6144 2 © 0.01167 - 0.05689
2.8483 2 0. 00040 0.00837
4, 7346 2 0.00011 0.03229
0.0347 3 0.53315 0.39420
. 2,0748 3 0.08034 -0.25439
2, 8265 3 0.03227 0.13098
3.2223 3 0.01897 0.06512
5.5033 3 0. 00455 0.03027
0.1078 4 0.29265 0.27144
0. 8849 4 0.39089 0.67553
- 2.3402 4 0.00242 0.00376
3,3368 4 0.00134 0.00425
5.7210 4 0.00007 0.04504
0.2248 5 0.43933 - 0.53539
0.8676 5 0.30427 - 0.63917
2.3367 5 0.00103 . 0.00010
3.1923 5 0.00004 0.07619
4,8217 5 0.00049 0.11836
6.5980 5 0.00000 0.00576
0. 0000 6 1.06561 - 1.14580
2. 0335 6 0.01105 ©0.10951
3.3129 6 0. 00044 0.07779
4,3418 6 0.00014 - 0.11146
1,2104 7 1.68001 1,69825
2.6533 7 0.00896 0. 08435
3. 8585 7 0. 00048 ~ 0.04669
7 0.00019 0. 04563
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TABLE V-1 (Gont'd)

. (CHe, q)
3

X ‘ 2l + 1 S ( He, a
(MeV) KT ) BJ + 1 - A
1.9521 8 0.0 0.0
3. 7164 8 0.0 0.0
4. 1531 8 0.0 0.0
2.8601 - 9 0.0 0.0

 4.4192 9 0.0 0.0
4.6291 10 0.0 0.0
4.9049 11 0.0 0.0
4.6447 0(Ty)  0.13900 £ 0.12500
6.1537 2 (Ty) 10.02744 0. 06940
2.6427 4 (T_)  -0.00006 0, 12500
8.0447 6 (T 0. 00004 © . 0.18000
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Bishop et al. (Bi70), and (c) the MBZ predictions. The MBZ proton-
transfer spectroscopic factors are taken from Table V-1, The two
experimental measurements are in agreement, as pointed out in
"Chap. III, and the MBZ energy level scheme is seen to be
qualitatively right. The MBZ Spectrosc0pio factors for the three
5OV states of known spin— g. s. '(6+), 0.91 MeV (7+) and 1,333 MeV
(1+)-— are closely predicted. The energy level for the first, second,
third, and fourth excifed states are roughly right, a;nd the
spectroscopic factors are of the correct magnitude. MBZ predict
two states near 0.900 MeV, one of spin 5 and one of spin 4,

whereas the only known state in this neighborhood is one of
undetermined spin at 0.838 MeV. It is hot clear which, if either,

of the MBZ states should be identified with the 0,838-MeV state.
Above about 1.0—1.5 MeV, the MBZ predictions become rapidly
less meaningful because of the increasing admixtures of 2p3/2
configuration (as seen in Fig., IV-5), The exception to this is the

O+ isobaric analog state at 4. 645 MeV, whose configuration is pure

[¢123
4,820 MeV,

. 0 .
(j30 7/2)¢n(j 7‘/2)]0. Experimentally, the 0+ IAS is at

Figure V-2 is a comparison between exoerimental
results and MBZ predictions for the neutron-pickup reaction. Part
(a) presents the results for the 51\_/'('7’I-Ie,a)50V reaction (this work),
(b) for 51V(d, t)SOV (S069), and (c) for 51V(p, d)50V (Whé6); and
part (d) presents the predictions of the MBZ theory from Table V-1,
Of course the MBZ enérgy levels are the same aé are shown in
Fig. V-1c. The experimental spectroscopic factors obtained from
the different reactions agree with each other and are in qualitative
agreement with the MBZ predictions for the 6" and 77 states. The
rest of the spectroscopic factors predicted by MBZ are of the right

magnitude but are not distinctive enough to allow levels assignments,
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2. The Nucleon-Nucleon Interaction Used in the MBZ Calculation

In order to obtain the MBZ wave function, the
matrix elements of the neutron-proton 'Lnteractlonv Vi' were
néeded. These were obtained from the 425(: energy levels, which
are listed in Table V-2, Thls procedure is justified on two
assumptions: (1) the energies and spins of the 42 Sc states have
been accurate‘iy determined and (2) that the 42Sc nucleus is well
represented as a 4OCa inert core plus a neutron and a proton,

Table V-2 presents the MBZ values (Mcé4a) for the

Sc energy levels in column 1 and the current best values (Mo69)
in column 2. Thbe rms deviation betweén these two‘columns is
about 350 keV and is due mostly to differences in the excitation
energies of the odd-J levels. This 350 keV is taken as the -
uncertainty in the predicted level energies if 40Ca is an inert core.

If 4OCa is not considered to be a good "inert core
(Mo69), one might use 48Ca as an inert core and extract the
neutron-proton. interaction matrix from the excitation energies of
neutron-hole— proton-particle states in '485c via the Pandya

transformation (Pa56), i.e., via

-1

77257720

(f Z(?.J' FOW(E, 2, 5, SITNE

J 7/2 7/2

The equivalent (Pandya transform) neutron—protonl.i.nteraction
energies deduced from the 4SSc: excitation energies of Ref, Mob69
are presented in column 3 of Table V-2, The rms deviation between
column 2 and 3 of Table V-2 is ~500 keV. The conclusion is that
40Ca. and 48Ca éannot both Be g‘ood inert cores. The 48Ca is
genérally believed to be a better doubly-closed-shell nucleus (and

40 )
hence a better inert core) than Ca. Then the rms deviation

. between column 1 and 3 of Table V-1 represents the difference



TABLE V-2, Nucleon-nucleon intera'étion

energies for.the 1f7/2 orbit.
MBZ CZ;rent Pé.nd}r:étr?nsf.

J values Sc _ of Sc”
| (MeV)?) (Mev)>) (MeV)©
0 . .

1 © 1:035 0.615 0. 002

2 1,509 1.593 1,307
3 2,248 1.498 - 1.075;
4 12,998 2.800 " 2.183
5 1.958 1.518 1.254

6 3. 400 3.200 2.394

i A

0.617 ©  0.625 -0. 157

a'Referenc.e Mcb4a,

bReference Mob9,

cReference Mob9,




- | | - 96

" between the values used by MBZ and the current best values. The
size of this difference is ~800 keV, which is comparable to the
average interaction energy of ~1200 keV. One cannofknow the
effects of the discrepancy in neutron-proton interaction energies,

and perhaps the whole MBZ calculation should be redone.

D, The Rotational-Particle Cougl.ing (RPC). Model
. 50,

Suppose an odd—odd nucleus such as V may be
described as a statically deformed core surrounded by the two odd
nucleons. The Hamiltonian then is the sum of the rotational energy
and the particle excitation energy, i.e.,

H=H_ _ +H .
rot part
The particle Hamiltonian can be divided into the excitation energy

Hp of the proton alone, the energy Hn of the neutron alone, and their

mutual interéction HI , L.e.,

=H +H +H

o ‘
. part p n I

The rotational energy can be expressed as

3 RC
H = ) sg—
rot 2y ng

wl'xereg’k is the moment of inertia about axis k in the 'body-fixed

coordinates and where

R=T7-73
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is the angular momentum of the statically deformed core. Here

J is the total angular momentum of the nucleus and T is the total

angular momentum of the proton and neutron so that

d jo=3 . +t3 .
P n an I3 Jp3 In3

If the deformed_core has a symmetry axis (say the k = 3 axis),

i.e., if
I1 =IZEI,
then
3. | ")2 2 - 2'
. =] )
A k “’n ol 2 R .2
Hrot = 1;11 2 2L U-97- 05 -5y +g2§’3 (3 -i3) -

If one separates out the individual contributions to the rotational

energy by deiﬁnlng

2

),

2 o
Jp3 In3 -

_ .2 2 .
3 in3 ]+ (n /2t93)(J3

2 2 2
H_=(h /2@)[J -J5 -]

' 2 .
Hrpc - (h /2\3)[‘]+J_+J_J+] E]

2,0
H = @%2)[; j ,
Top (n=/2j j ]

PR
pt n- Jp--Jn+

where the subscripts + and - indicate the usual raising and lowering

operators, then

: o -2 -2
H =H +H +H + (hz/zbo)(j +3 ).
rot. r rpc PP p n .
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The total Hamiitonian, now divided into six parts,

therefore becomes
H=H +((H + (hZ/ZVV)j 2YrH o+ (hz/zé’)'j’ °Y+H +H +H. (V-11)
T P P n n rpc  pp i

The first, second, and third terms are the Hamiltonians of the
rotating core, the proton particle, and the neutron particle. The
term Hrpc is the rotational-particle coupling or Co.riolis poteﬁt.ial,
pr is the rotating particle-particle coupling potential, and H,l is
the static proton-neutron interaction. ,

The first three terms of Eq. (V—11) are certainly
the ones of greatest importance since they represent the energy of
 the three components of the system— the core, the proton, and the
neutron, respectively, whereas the last three terms. are interactions’
between these dlfferent'components of the system. The next step
therefore is to obtain a wave function that satisfies the
Schrédinger equation for the first three terms. Following Nilsson
(Ni55), we parameterize Hp and Hn in the fo;m

2, 2 2

_ 2 1 2 2
Hp or Hn— -(h /Z}J.)V2+ Zp(wl X1 +W2 XZ +W3X3 )

+cl. 5+ De%, 4 (V-12)

The parameters C and D for both proton and neutron are chosen to
reproduce the shell-model energy-level orderihg. at zero
deformation, and p is the effective mass. For symmetry about the

(body-fixed) k = 3 axis, one defines the oscillator frequencies

W, and W, in terms of w, and the deformation parameter 8. Then
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g
I
g
o
S
i
z

where

/2

B=2F(2-F/(4-F°) and F=(5/4m)" B..

The wave function of the proton is then Xq such that
p

| 2 2 -
[H +(n /mﬂ i 7] =€ .
P '» " Xa_ " “pra
P p
Then in terms of a basis function in which jp is a good quantum

number, Xg may be expanded in the form
-

Xg = ) CiaX q.
P i, PPPP

By a similar process, the wave function of the néutron is found

to be
. hl .
Xg Zlcjszxjsz'
n ] nn-°nn
n
The wave function \I/ which satisfies Séhrﬁdinger's
equation

(g + 1+ 1%720); 2 e+ /2 Plesme v-13)

may be written (Pré2) as
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: 2.«
\p(JMKQan)__[(zJH)/ién ]‘Z' Cj q cj Q
Jppdy PP mon

J-j J

o J - .
D + (- )
P P°n n .

PP nn

where J(J + 1), M, K, Qp’ and Qn are the quantum numbers of the

2
» ), and j  —J being the square of the
3 Jp3 Jn3 g q.
total angular momentum of the system, Jz the space-fixed

2
operators J , JZ, J

projection of J, J_ the body-fixed projection of J, the jp, the

3
body projection of the total angular momentum of the proton, and
jn3 the body projection of the total angular momentum of the-
neutron. Note that ¥ is properly asymmetrized,

The standard diagonalization of the 'matrices. of the
neglected potentials H , H , and H. yields the final wave

rpc PP i

functions. The matricesof Hrpc and pr are easily obtained from
the wave function (V-14), The matrix of H,Lis obtained indeépen-

dently by calculation with two-particle forces.

1. The Parameters of the Potential in the RPC Model

The parameters for which values must be obtained
before the matrix HINT can be diagonalized and thg eigenvalues and
eigenfunction extracted are the Nilsson spin-orbit parameter C,
the Nilsson £ 2 (well-flattening) parameter D, the effective mass
. 4 of the proton or neutron in the field of the deformed core,
oscillator strength fiw,, the moment of inertia parameter
hZ/ZJ of the core, the softening parameter Q of the rigid core,
the core deformation B, and the matrix elements of the residual
- interaction Hi' The parameter C is well known from fhe spin-orbit

49

41
splitting between the 1f and 1f5/2 levels in Sc and Sc.

7/2
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The well—flattehing parameter D is not so well defined, but values
in the range -0.8 MeV <D < -0.. 3 MeV preserve the level ordering
of the spherical shell model (Wa70). The oscillator strength

fiw, = 41A-1/3 varies with the mass A of the nucleus in such a way
as to preserve the nuclear volume,

- The moment of inertia @ that appears in the core .
parameter ﬁz/zf‘?},} is obtained from the excitation energy of the
first 2+ state's in the nearby even-even nuclei. The core is not
expected to remain rigid, however; it is expected to change with the
proton or neutron excitation. In calculating the matrix HINT the
core overlap between two states (the row and colurn‘.p_ in the matrix)
is mu'ltiplied by Q (<1) if the proton or neutron are in différent
configurations and by Q2 if both the proton and the netitron are in
different configurations from the initial to final state, . Valués
0.5 <Q <1 are obtained in calculations (Maé66). The deformation
parameter $ is varied freely from nucleus to nucleus.

Two sets of the 195 matrix elements of the residual
interaction H,l are obtained (1) from the work of Kuo and Brown,
who based their calculations on the hard-core Hamada-Johnston
potential derived from two-nucleon scattering data (Kué68a) and (2)
from the work of Wasielewski and Vary (Wa70a), vs./ho'calculated it
by us'e of a Yukawa potential with a Rosenfeld exchange mixture.

These parameters are divided into two groups
depending on how well their values are known or on how much their
variation affects the calculated ehergy levels. Para_.rﬁeters C, D, u,
fiw, and ‘l‘x/Zw7 are well known or have little effect, but Q, B and

I—Il have considerable effect as shown by the considerable diff-

erences among the different predictions plotted in Fig. V-3 c—e.
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Fig. V-3. Energy levels in 50V, (a) Exi)erimenta'l levels up to

1.6 MeV.

(b) MBZ predicted levels up to 2.0 MeV. The last

three level schemes were calculated with the rotational-
particle-coupling model with the parameters A = 0. 2 MeV,

C ='-0.28 fw,, D = -0.06 fiw, , and #iw, = (41 MeV)/A-1/3, They
differ in that (c) was obtained with Q = 0,9, B = -0.25, and the
Kuo-Brown matrix elements (Ku68a); (d) was obtained with
Q=0.9, B =-0.3, and the Yukawa-Rosenfeld matrix elements
(Wa70a); and (e) was obtained with Q = 0.95, 8-= -0.3, and the.
Yukawa-Rosenfeld matrix elements (Wa70a).
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2. Predictions of Energy Levels with the RPC Model

Figure V-3 presents some calc'ulations'with various
values ' of Q and B for the Kuo-Brown matrix element-s' and for the
Rosenfeld matrix elements and compares their level schemeé with
the experimental values and with the MBZ scheme. The energy
levels are nofr’rxalized to the ground state and are carriéd to hiéh
enough excitatioh to show two 1+ levels. A broad m.'inimum is
observed in the_énergy of the ground state for -0,3 B <-0.2. The
best energy level ordering is produced with 0.9 <Q <1. The
low-lying 2.+, 3+, 4+, 5" and 67 states usually are reproduced, and
the two 1+ levels are seen also. The 7+ state can be made to lie
higher but only at the cost of raising the 6+ above the ground state.
Predicted 4+ :and 5+ :states are not observed, as in the MBZ
scheme. Spectroscopic 'fa.ctor_s cannot now be caiéula_fed from the

wave functions obtained by the diagonalization, but the experimental

magnetic dipole moment is well reproduced.(Lib4).
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~neutron-proton pair np may also enter the {
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VI. DISCUSSION OF °%v LEVELS

A. Information Available from the Reactions Studied
NW\N\WWMM\MIWVWWWW

The best available information on energy levels and
spectroscopic studies of 5OV is presented in Table IIi;l, which
was prepared at the end of December 1970. Generally the (p, p)
reaction may be expected to populate 50V levels with protons in
)2(n2p1f5/2) or (n1f7/2)4(nzsid)‘1
7/2)(Tr2p1f5/2)2 (two-particle

excitation for protons). Likewise the (3He, d) may excite levels

such configurations as (Trlf_]/g

but not in such configurations as (mwif

with the transferred proton entering a 1f or 2p 6r5it such as
(nlf7/2)2(n2p1f5/2) but will lead to no two-particle excitations such
as described above,. Similarly the (3He, a), (d,t), and (p, d)

reaction should produce hole levels in the 1{f s, or 1d orbits

2
/2
but no two-particle excitations. ‘
On the other hand, the two-nucleon transfer reaction
3 ’ .
("He, p) can populate these two-particle excitations. With the

+ : ' s .
, T =2), two-particle excitations with

target nucleus 48T1 (JTT =0
J7 = O+ or 1+ may be populated with Ln = 0. (The 't:ransferred

: /2 orbit with Lop 0
and thereby form a state that is not a two-particle excitation
according to éur definition.) Since the np pair may be transferred
with § =0 T =1 or with§=1 T =0, the J" = 0" states so formed
may either be T - 2 or 3 (the T = 3 are the 0+ analog states) but the
3" =17 states must be T = 2, The Ln‘ > 0 transfer may also
populate levels in which the members Ef the transferred neutron-
proton pair enter different single-particle orbitals and therefore
cannot be tholught of as a pair.

The gamma-decay operator is a one-nucleon operator

(a sum of all possible products of one creation and one annihilation
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operator with appropriate angular-momentum coefficients and may be
‘expected to connect levels whose configurations differ only in the
change of one nucleon. Angular-momentum conservation requires

the transitions of the one nucleon from the 2p to the 1f orbit to

7/2
proceed via a gamma of multipolarity =2. However, - the

‘1 ’ . . ’ . . . Y .
1f5/2 f7/2 transition could be M1. It is characteristic of v

decays that they often proceed to final states whose spin differs
from the initial spin by one unit.’ As a result, J = 0 or 1 states
pOpulatéd in the (3He, p) reaction would be expected to y decay to

states with J = 0, 1, or 2 (barring collective motion). .

B. The 50V Levels

+
1, The 0 Analog States

Two O+ IAS at 4.820 and 8.588 MeV -_i-excitationvin 50V
are populated by the (3Hé, p) reaction. Their pare.r;t states are |
known (Sh.69) to be at 0.0 and 3.88 MeV excita-tiof; in‘ ?OT'l. The
wave function of an analog state may be determined from the
wave function of its parent state by operating on the parent wave
‘function with the isospin lowering operator T _ (V&;h‘ick:‘r‘changes
neutrons into protons unless that would violate the Pauli principle).

‘The configuration of the ground sta;te of 2T is
)2 (v * T =3 plus an

expected to be [(nef )8] coupled to JT =0

ST/ 2 7/2
inert core. When T operates on such a configuration, the result is

- +
~ the same inert core plus [(nf )3(vf ) 1] coupled to J" =0 s

7/2 7/2 _
T = 3. All the active nucleons still are 1f This is taken as the

7/2°
configuration of the 4, 820-MeV analog state of = V.
The parent of the 8, 588-MeV analog state of 'V is
unusual in its cross section in the (t, p) reaction (Hi67). Fig. VI-1

(from Ref. Hi66) shows the ratio of the (t,p)',ci:oss section for

+ .
the first 0 excited state of a nucleus to that for its ground state as
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Fig. VI-1. The ratio of the cross section of the first J" = O+
excited state to the 07 ground state in the (p,t) reaction with
angular-momentum transfer L = 0, plotted as a function of
neutron number. The data are from Ref. Hib67. A
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a function of neutron number for Lnn = 0. The fact that the ratio
reaches a peak af N = 28 (SOTi) and then drops suddenly at N = 30
is taken as evidence that the 3,88-MeV state of SOIT.l is a two-
particle excitation (H167‘) of neutrons into some mixture of the
“5/2 and 2p orbits '(sin.ce they are almost degenera't’é) so that the

2
1f 1
7/2) Mg “w t5/2
toJ =0, T =2, Operating on the 3.88-MeV state of 50Ti with T._

resulting configuration is [(w1f Zp) ] coupled

‘then places the extra proton in a mixture of the 1f7/2 and 1f5/22p
“orbits. The configuration of the 8.588-MeV state of 50V is then the

two-particle excitation

-3 2,T=3
N2/3 [(mtf ) (vE ) i, 2p)Y) .
! 7/2 7/2 5/2 7ot
2 2, T=3
+N1/3 [(n1f7/2) (rif, ,2p)(vif, ) (T/.i':f_s‘/ZZp) ]'Jvz,o+ .

The conflguratlons of both analog states are then apprommately
known, and both" should be populated in the (3He, p) reaction with
an = 0.' This is shown is Fig. III—6. " ‘ : |

If the ground state of the Ti target is assumed to

be wholly 1f conf;guratlon then the ( He, d) reaction should

7/2
populate the 4.820-MeV state by !p = 3-transfer ,(s'udce it is

wholly 1f conflguratlon) but not the state at 8. 588 MeV (which

7/2
is a two—pa/l,rtlcle excitation). The 4. 820-M¢V level is seen but
contaminants (carbon) in the target prevent the extraction of an
angular dist;ibution to certify that the proton is transferred with

£ =3, No (3He, d) measurement was made at 8.58 MeV excitation.
The (3He, a) reaction should populate the 4,820-MeV level by

ln =3 tr'an'sfe;,_ as is observed in Fig. III-8 but should not populate
the level at 8.588 MeV (the two-particle excitation‘) which is not
observed (Br66). in the 51V(3He, a)SOV spectrum at 26° and 13 MeV.
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2. The 1 Levels at 1,333 and 1.490 MeV

The levels at 1.333 and 1.490 are populated by the

Yy decay of the 4.820- and 8.588-MeV J = 0 analog states,
respectively, and hence cannot be J = 0 themselves. They are
populated in the 48Ti(3He, p)SOV reaction with momentum transfer
an = 0; and this means that they can be 'only I = 0+ or 1+. They
are then J" = 1+. '

" The Yy decay from the 0+ analog state at.4. 820 MeV to
the 17 state at 1.333 MeV must be Mi. Further, the wholly e, ,
configuration of the 4.820-MeV level implies that the 1. 333-MeV

level is wholly 1f configuration. If the level is whol{y if

7/2 7/2’
the ( He d) and (3He a) reactions should pOpulate it WLth £ =3

transfer, as lS observed (Table III-1).  The 1 member of the

("f7/z)("f7/2 '
MeV, and by analogy we tentatively assign the 1. 333-MeV level as

)(vE

48 . . .
) octet in Sc is seen to lie at an excitation of a few

+ - 5 .
the 1 member of the (nf ) . octet in OV.' o

7/2777/2
The y decay from the ot analog state at'8, 588 MeV
to the 1+ level af. 1.490 MeV must also be M1, However, the level
at 8.588 MeV was seen to be a two-particle exicitatiioh and, since
the p orbit and f orbit may not be connected by an I‘vI‘l transition,
the 1.490-MeV level is also a two-particle excitation. (The Mt
operator may connect 1f5/2 to 1f7/2 but we assume that is
‘negligible. ) Such a two -particle excxtatlon would not be observed
in the (3He, d) nor ( He, a) reactions studied here’ nor’_m the
50V( P, ')50V studied by Buhl et al. (Bu69). The 1. 490-MeV level

is indeed unobserved in all these reactions and we take it to be a

low-lying 17 two- particle excitation.
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.
3. The Levels at 0.388 (2'), 0.355 (37), 0.322 (47), and 0. 266
MeV (5%) and the 67 Ground State. - '

The fact that the (3He, d) and (3He, a) reactions .
reported- in this work have populated the low levels with a large
£ = 3 spectroscopic factor (Figs. IV-5,6) implies they are mostly
'1f7/2 configuration. (A very small admixture of £ = 1 transfer
was observed in the (3He, d) reaction to some final states.)
Unfortunately the spins of these levels cannot be extracted from the
spectroscopic factors because of the configuration mixing (wholly
‘ ;f7/2) that is presen; (Mcb4a).

The ( He, p) reaction with angular-momentum
transfer Ln = 0 cannot populate levels with "= 2+{ »aLnd these low
levels are not in fact observed to be populated. However, the
(3He, p) reaction would populate a JT = 1+, 1f7/2

(e.g., the level at 1.333 MeV) so that probably none of these

configuration

levels are 1+, in agreement with the tentatively assigned spins

of Ref. (B169). The y decay of levels populated by (3He‘, p) with
momentum transfer Ln = 0 is expected to procg:ed' tq‘levels with
Jn(= O+, 1+, or 2+; and we see (Fig. _II—125 that only the (2+)

level at 0. 388 MeV is populated by the y decay. The observation of

: + ‘ ‘
these but not the lower levels (J1T > 3 ) again supports the tentative

spins.
. The lowest five levels in 5OV are assgined as the
+ + ' -1 o
2 —6 members of the (nf7/2)(Vf7/2) octet on the basis of this
evidence.

+ .
4, The (2 ) Levels at 1.305 and 1.515 MeV

Because the (3He, p) reaction is expected to proceed
g + +
directly to the J" =0 and 1" levels with momentum transfer

an = 0 and because the levels populated by the (3H‘é,4p) reaction
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) . " + .
with Lrl = 0 are expected to y decay to levels with JTr = 0+, 1, and

ST
2 , the levels at 1,305 and 1.515 MeV are tentatively assigned
+ : ' o
I = (2'). They are not populated directly (Jn:é 0+, 1 +) but are
: ~ : . 2 + 4
populated in the y decay of levels populated directly =0, 1 ,

or 2+).

5, The Levels of Odd Parity

Six levels in (3He, a) are seen (Table III;i) to proceed
by a transfer of { = 0 or 2. These states have largé" spectroscopic
strengths (ZSI -0 ° 2.4 and ZS.I -2 1.7) and are tak.ehv as levels with
251/2 and 1d3/2 hole configurations, respectively.‘. . '

The ("He, d) reaction may not populate a hole
configuration directly but only by a two-step proces:;s__‘.. -None the
less, two levels are formed with an { = 0 transfer. ’fﬁe spectro-

scopic strength (Y [(2J, +1)/(2F. + 1)]S = 0.37) is small as a
P f i : :

result of the non-direct nature of the transition,

L
6. Possible Levels of a Collective 1| Mode

Fleming's recenf evidence (F170) for .'"a;.,collective 1
mode in 50’-485c is based on a large number of leve'l's in >0, 488c .
strongly excitéd by (3He, p) reactions with L = 0 +.2 _m:ixtures. In
the present'48Ti(3He, p)SOV angular di’stributions".(-Fig;' III-10),
the filling of the minima (possibly a characteristiﬁc:-of L=0+2
mixtures) is as prominent as it is in the angular distributions of
Fleming. From this we conclude that the levels at ‘_-1_.‘3-33, 1.490,
- 2.395, 2.819, 3,240, and 3.474 MeV. may also be collective 1+
excitations. Some reservation is warranted on the gfomds that
DWBA calculations of two-nucleon transfer are not ais straight-
forward as those of one-nucleon transfer, as notea in Chap. IV.

As a result, there remains a question whether the filling of the
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L. = 0 minimum is due to the L = 2 admixture .or to some component
of the wave function of the state, The nature of these possible 1+
states cannot be made more definite without microscopic calcu-
lations té examine how different admixtures of .wa{/e functions

affect the angular distributions predicted by the DWBA .
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VII. CONCLUSIONS

5 ' .
The V nucleus, whose ground-state configuration

is (TTf7/2)3(Vf7/2) , is subject to investigation b'y.analyz‘mg
experimental data to determine the matrix elements of operators
and, since these are not overly complex, to draw some inferences
about the wave functions underlying these matrix elements. The
expeAriments ?.nd analyses reported Here are the vy aecay of levels

- populated by the (3He, p) reaction with angular-momentum transfer
an =0 and3 the DWBA analysis of the single-nucleon- tnra‘.nsfer
reactions (" He, d) and (3He, a) and of the two-nucleon transfer
reaction (3He, p). '

The experimental methods necessary to measure the
48Ti(3He, py)SOV reaction at high counting rate and high resolution
have been described along with the methods used to é;cumulate,
manipulate, and reduce fhe 106 channel data from a two-parameter
pulse-height analyser. The use of the Argonne split-pole magnetic
spectrograph for measuring the angular distributions of charged
particles and the operation of the automatic track-platé scanner
to read off the data on the resulting photographic fecq_rd were also
discussed. |

Spectroscopic factors S were extr#cted via DWBA
analyses of the'angula‘r distributions of charged particles from
s.ingle-nucleon transfer reactions. Comparison between the
absolute cross sections measﬁred at 15—22 MeV and DWBA
predictions showed no breakup phenomena, The sum rule for the
L = 3 spectroscopic factors is seen to be sétisﬁed to within 25%.
On the assumption that the neutron-proton pair was transferred as
a deuteron, the DWBA analysis of the (3He, p) reaétion has allowed

the assignment of angular-momentum transfers an for this .

reaction, but no spectroscopic values were extracted.




113
This work has resulted in the assignment of J" = 1+

to the 50V levels at 1.333 and 1.490 MeV. The level at 1.490 MeV

is seen to be a two-particle excited state with two nucleons in the

degenerate 1f5/2 and 2p orbits, whereas the 1, 333-MeV level is

purely 1f7/2. The spins of tlhe lowest four excited states had

been tentatively assigned by Blasi (BL69) and Del Vecchio (De71),

and these are Suppc;rted. These four states of spin 2+——5+, the

6+ ground sta'te, the 7+ state at 0. 911 MeV, and the i.+ state at

1.333 MeV are thought to be seven members of the |

)(vE

7/2) octet.

(2,2 , ,
The isobaric analog states at 4.82 and 8.58 MeV are
observed to be populated in the (.3He, p) reaction with' ;:)ure L=20
transfcr of the np pair. Many other levels above 1.3 MeV and’
below 4.0 MeV are also obser\l/ed, and .the angula'r aistlributi.ons of
some could be interpreted as mixfures of L=0 +' 2._ " Such an ‘
angular distribution is observed for the J' = 1+ level at 1.333 MeV.
A mixture of L = 0 + 2 necessitates a J" = 1 state. In the work

of Fleming (FL70), such a group of 1 F levels W'Lth'a"la‘.}rge (3He, p)

cross sections has been interpreted as evidence for a collective

+ .
1 mode in 48, 50Sc. Since the ground state of SQSc has the
configu;ati'qn (‘T.Tf7/2)(vp3/2), vs-/hlch_ is very simila:rA‘t'osghe .
(nf ) (ve ) configuration of the ground state of ~ V, such a
7/2 74_2

collective 1 mode might be expectéd if two protons are considered
to be palréd to 5 = 0. However, the present work yiélds no
evidence of strong enough population to confirm a collective
excitation. _

~Two nuclear models are evaluated by comparison
with the available experimental data. The truncated 1f7/2—orbit
spherical shell model of McCullen, Bayman, and Zamick (Mc64)

: 50_ -
predicts energy levels and wave functions for ~ V., ‘These wave

functions are used to calculate the spectroscopic factors for the
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levels populated by £ = 3 transfer in the (3He, d) and (3He, a).
reactions. The energy levels below | MeV are seen to be well
reproduced, although the calculations predict an extra 4+ and an
extra 5+ level, The comparison of the predicted épectroécopic
factors is hindered by the uncertainty in the aséignéd épins of
the four lowest excited states. The predicted values are in the
right neighborhool for the lowest states, even though the (3He, d)
results show that an admixture of the 2p orbit is present in some
of the levels and this orbit is outside the wave-function space of
the MBZ caiculations.’

The other model evaluated is the rotational particle
coupling model with two particles outside a deformed core (Wa70a).
This model has been able to reproduce the experimental energy
levels about as well as the MBZ célculations; it even predicts
the extra 4+ é.nd 5+ levels. We cannot calculate spectroscopic
factors with the RPC model at this time. Such a calculation could
I;i'-o\ve interesting inasmuch as the spectroscopic valués depend
m.or\:'e critically on the wave function used than do the level energies.:

The most serious impediment in this study of 50V
has been the uncertainty of the spin assignments of levels. Such
assignments are necessary if one wishes to compare model
calculations with experimental measufements in order to identify
the corresponding levels. Also missing are y—decayvtranslt,ion
rates, which constitute a sensitive measure of the wave functions
of nuclear levels. The decay of the level at 1.490.MeV is
expected to be especially slow (much slower than the: 1.333-MeV
decay), since the annihilation and creation Operatbr connecting the
wave functions of the initial and final states is thought to act only
through minor components in these wave functlons; "The y decay

-1 ,
of the (nf )(vf7 ) octet (via the 1.333 -~ 0. 388 -~ 0,355 -

7/2 /2
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- 0,322 -0.226 - 0.0 casca‘de) should proceed readily since at each
step the proton particle and neutron hole merely recouple to a total
angular momenfum decreased by one unit.

Microscopic DWBA calculations of two-nucleon
transfer could help to establish if some of the levels'eXCited by
(3He, p) in the excitation range 1.3—4.0 MeV are in fact -pOpulated
by L = 0 + 2 and are therefore 1% states. If they are 1" levels of
“very large strength, a 1+ collective r;lode would be further

supported.
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APPENDIX A. PROGRAM FOR TWO-PARAMETER
PULSE-HEIGHT ANALYSIS

A. PurBose of the Progra’ms

The purpose of the program GROUP to be described
is to provide a speedy and convenient way to accumulate, manipulate,
an‘d r.educe data from up to two two-parameter pulse-height
analyzers of 10 channels each. Previous experience with the pro-
gram DIDJERIDOO (Geb65) has shown that a single program |
subdivided into many basic functions, which may be executed singly
or in automatic sequences, pr§vides the experimenter with a
versatile tool for data handling. In program GR(SUP there are 50
basic functions. It is assufned that any operation the experimenter
wishes to pérform may be accomplished as a sequenég of these. A
statement of what GROUP can do is clearly impracticé.l because each
possible task corresponds to one combination of functions selected
from these 50, and the number of such combinations is extremely
largé. " Rather, the approach will be to discuss what each of the
functions does by itself and to illustrate the capab‘ilities of GROUP by
presenting a few examples in which functions are combined to
accomplish’ a task. Experience indicates that the t;ser will then be
able to select the appropriate sequence of functions for his own
problem; '

Section B of this appendix details the control of GROUP
by computer interrupts and sense-switch options. Section C dis-
cusses each of the basic functions of GROUP in detail.

" Although GROUP may be used to form the two-
parameter 106-channe1 pulse-height array from the magnetic-tape
output of function TAKE 2 (via TPTSLC), GROUP is necessarily

6 B .
slow to make the 10 -channel array. Another program called
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DIMWIT has been written to-make the array (that is perform the
pulse-height analysis) about 30 times faster than GROUP can.
DIMWIT requires about 300 psec per event. The input-output re-
quirements and éeﬁse-switch options of DIMWIT are discussed in
Sec. D.

The operator often finds he would like to add two
1024 X 1024-channel arrays (or subarrays thereof) element by
element. This process may be performed with an appropriate
sequence of functions with GROUP but may be done much faster and
with less chance of operator error with program ADDUP. The
input-outpﬁt requirements and sense-switch options of ADDUP are
detailed in Sec. E. | _

Although GROUP is limited to spectra of 1024
channels (because of the limited storage available in 't'he computer),
this does not imply that the 106-cha.nne1 arrays must be only
1024 X 1024. Other array sizes such as 512 X 2048 and 256 X 4096
are perfectly usable; however, only 1024 channels of the 2048 or
4096. may be investigated at one time. Section F of this report

explains the use of GROUP with such rectangular arrbays.

B. Program Control

The program GROUP uses six of the available pro-
gram iﬁterrupts (specifically A, B, C, S, M, and OP)~. Operation
of the intefrupts C or OP (C will be used in folloWing,éxamples) will
instruct the program that the operator wishes to have the program
execute one (only) of the functions. The program will type out
"FUNCT" and the experimenter is expected to type in the six-
lett‘er mnemonic name of a function (plus a carriage return). If
that mnemonic name is one of the 50 allowed, the program executes

the corres/ponding function. If that mnemonic is not one of the 50
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allowed, the program types "AGAIN' and waits for the operator to
type in an allowed mnemonic name. ' |

Operation of the progrém interx;upts B, .S, . or M will
instruct the program to execute the automatic sequ-venc'e B, S, or
M, respectively. Any of these three sequences (B will be used in
the follp@ing example) may be changed by the experimenter at his
convenience —for example, by executing the function ENTB5B
(i.e., enter a B sequence as explained in detail in'Sec. C). The
expérimente_r must then enter a list of up to ten function mnemonics
to be executed‘when the interrupt B is operated; e.g., the sequence,
MTITSL, SLTPTR will read a 1024;charinel spectrum from |
magnetic tape and prinﬁ it on the line printer eve.rIVyr' time the B
interrupt-is operated. This list is terminated by a c'é.rriage return
ana stop. |

The interrupt A is reserved for starfing and stopping
the function TAKE 2 (described in Sec. C) as a result of some
necessary hardware associated with the transmission of analog-
to-digital. converted words from the analyzer to the computer.

There are six sense switches on thé computers.
Four of these (2—5) take on different meaﬁings in different functions
as detailed in Sec. C. Sense switches 1 and 6 are'résérved for the
system control of the program. Sense switch 1 must remain on at
all times to.indicate to the program that the operator wishes to
communicate with it via the console typéwriter (moétly for
historical reasons). 'Turni‘ng on sense switch 6 indicates to the
program that it is in the process of being loaded and that no func;
tions are to be executed. Sense switch 6 should be off for normal
program operation. This use of switch 6 is not necessary from a
systems point of view but allows a considerable saving of time in

executing the program.
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The program GROUP was written in a sublanguage
of Fortran II documented by Holland (Ho'67). Becausé the program
is many times too large for the computer memory, it is linked and
executed in segments. The segments not being used are stored in
the external core memory. Since Holland clearly explains the
linkage principles of which program GROUP is built, no further
explanation is given here. o

The array sizes in GROUP limit the p‘ro.jections‘ of
the two-parameter measurements to 1024 cHannels. "GROUP
includes an array of 1024 computer words called SLICE (usually SL
or SLC in a mneménic) which is used by GROUP to save a one- '
parameter projection of one of the two-parameter arrays. Many
references to the array SLICE will be found in Sec, C. GROUP
also reserves a 51200 word array BLOCK in the external core
memory (usually called EM in a mnemonic). This BLOCK of com-
puter words may be thought of as 50 of the 1024-cha’hne1 slices
which might at some point in the>execution of the pfo_gram be placed
in the array SLICE; or this BLOCK may be considerevd as a
50 X 1024-éhdnne1 subarray of the 1024 X 1024-channel two-
parameter spectrum. This 51200-word array will.be. referred to in
Sec. C as the BLOCK in the external core memory, and each of the
fifty 1024 -word arrays will be referred to as a slice (numbered 1

to 50) in the BLOCK of external core memory.

C. The Functions of GROUP

This section contains a discussion of each of the 50
functions of GROUP. Each individual description starts with the
mnemonic name (except for the first function which has the null
name and is called by.typing only a carriage return a.nd a stop code)

followed by a short description of the purpose of the function. Next
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comes a detailed description of the use of the function. Finally any

sense-switch options are enumerated. All typewriter input-output

is in integer format with a six-digit maximum. GROUP uses only

the magnetic tape (usually MT1 or TP in a mnemonic) with logical

unit zero (0).

1.
2. ENTB5B
3. ENTERS

4. ENTERM

5. TYPE B
6. TYPE S
7. TYPE M
8. CYCLEB

This function orders a return to the waiting loop.
If it is executed after a C interrupt, it acts as
a do-nothing statement. It serves to end an

""enter sequence' function (function 2, 3, or 4).

allows the oberator to enter a sequence of up to
10 function mnemonics to be executed when the
interrupts B, S, or M are operated, respectively.
The program typeé out "TYPE IN SEQ." The
operator types in up to 10 m'nernc.)‘nic names.

The list of function mnemonics is terminated by

function 1, a carriage return and a stop code.

types out the list of mnemonics corresponding to
the function sequence in sequence 'B, S, or M,

respectively.

is a special function that forces the program to
keep repeating the sequence of functions in the B
(only) automatic sequence until sense switch 6 is

turned on. Then after the current function is
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12.

13.

14.

RUNNUM

WOTRUN
AUGRUN

AUGHND

SRCHT1

POSNT1
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finished, the program will go to the wait loop
before the next function is started. Sense switch

6 must now be turned off.

allows the operator to type in # number that will
subsequently be used to identify data (a run
number). The program types out "TYPE RUN
NO'" and the operator must type in an integer

of up to 6 digits plus a carriage return.

request a type-out of the run number used to

identify the data.

augments by 1 the current run-number and type's

the result.

augments the current run number to the next

-higher hundred. The new run number is typed

out.

searches forward on the magnetic tape (0) for a

given run number. The program' requests the

input of the desired run number By typing "GIVE

RUN NUMBER REQD.'" The operator must
supply a run number by typing in up to 6 digits.
The tape is left positioned immediately before
the file corresponding to the input run number
and "FOUND IT" is typed. If the entered run
number is not found, either "MT POSITIONED"
is typed (as explained for function 14: POSNT1)

or an end of tape is encountered.

searches forward on magnetic tape (0) to find

the end of data (EOD) mark (specified in function
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16.
17.
18.

19.

20.

21.

RDRUN1

FRWDSP
BK1IRCD
BK1RUN

WRTEOF

SLTMT1

MTITSL
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20: SLTMT!1), then backspaces over the EOD
mark and types "MT POSITIONED." The next

record will be written over the EQOD mark.

reads and types out the run number which is next
on magnetic tape (0) and then backspaces to its

original position. The typed-out run number

becomes the current run number.

advances magnetic tape (0) one record.
backspaces magnetic tape (0) one record.
backspaces magnetic tape (0) one file.

writes a file mark on magnetic tape (0), follows
this with an EOD mark, and backspaces over

the EOD mark.

writes a file of three records onto magnetic
tape (0). The first record is two words; the
current run number and a second word which
ordinarily is unused. The second record is
1024 words long and is read from the array
SLICE. The third record is the file mark. An
EOD mark is written after the file mark and

is backspaced over.

reads a three-record file from magnetic tape
(0). The first record is two words. The first
word is read as the run number and becomes
the current run number. The second record is
1024 wofds and is read into the array SLICE.

The third record is a file mark.
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TPDUMP

EMDUMP
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transfers data from magnetic tape (0) to the
51200-word BLOCK in external core memory.
This BLOCK in external memory is broken into
fifty 1024-word slices and the tape.is read (as up
to 50 files) exactly as function MT1TSI.. The
program asks for the run number of the last file
to be transferred to the BLOCK .iAn external
memory by typing "GIVE LAST RUN." Next,
by typing "GIVE INITIAL SLICE, " the program
asks for the first slice (1—50) in the BLOCK in
external memory into which the first file from
tape is to be read. The next file on magnetic
tape is read in'and the 1024-word array is put
into the slice number entered. Finally the ruﬁ-
number record (from the file read from
magnetic tape) is typed out. The next file is
read into the next slice and this process is
continued until the last run nurr;ber typed out is
identical to the desired last run as originally
typed in by the operator. The current run
number is unchanged. If sense switch 5 is on,

the typeout is bypassed.

transfers data from the BLOCK in external core
memory to magnetic tape (0) exactly as function

SLTMTL. The program asks for the first slice

~number (1—-50) to be transferred as a file to

magnetic tape (0) by typing "GIVE INITIAL
SL NO.'" Next to'ask for the last slice number
(1—50) to be transferred the pi'og.ram types
“GIVE FINAL SL NUMBER." The current run
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- number is written as the run number in the
first file written on tape, and that number is
printed on the lineprinter. Then the run
number is augmented by 1. Files are written
onto tape until the last slice {(as typed in) is

written.

24. ZEROEM ' sets to zero the contents of the 51200-word

BLOCK in the external core memory.

25. EMTSLC transfers éne of the 50 slices from the BLOCK in
external core memory to the contents of SLICE.
The program asks for the number of this slice
by typing "GIVE NO OF SL.C." The operator

must respond by typing a number from 1 to 50.

26." SLCTEM transfers the contents of SLICE . into one of the
50 slices in the BLOCK .in external core memory.
The program asks which one of the 50 slices is '_
to be written by typing 'GIVE POSN FOR STORE. "
The opératﬂor must respond by typing in a number

from 1 to 50.

27. SLTPTR ~ prints the contents of SLICE onto the line printer.
First is written the current run number. Next
the contents of the 1024-word SLICE array are
written, 16 channels to a line. .The leftmost
column is a number indicating how many channels
have been printed (to and including the previous

line).

28. ADDSPC causes the spectrum in SLICE to be added
channel by channel to one of the 50 slices in

the BLOCK in external core memory and puts
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ADTPEM
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the results in SLICE. The coincident channel |
limits written in the second and third spectral
channels (lower limit and upper limit,
;éspectively, as explained in connection with
function 48: TAKE -2), are preserved. The
lower limit in channel 2 is taken from SLICE
and the upper limit in channel 3.is taken from
the slice in the BLOCK in externai core
memory. For example, with this function the
operator can construct the gamma spectrurﬁ in
coincidence with proton channels 1 —4 from the
gamma spectra in the BLOCK in external core
memory (i.e., the channels in 'c'>oir'1cidlence wi'th
proton channels 1—1, 2—2, 3—3, and 4—4).
When the addition is done in this order, the

limits are 1—4. Since SLICE is not necessarily

. zero at the start, the first function should be

EMTSLC (function 25). The program types
"GIVE SLC NOS' to ask for the slice number
of the BLOCK in external memory that is to-
be added. The operator mﬁst call- ADDSPC

once for each spectrum to be added.

adds the 1024-channel spectra from the files on

magnetic tape to the slices in the BLOCK in

external core memory one by one. The program

asks for the last number on the ta.[;e by typing
GIVE LAST NO ON TAPE" and for the first
slice number by typing '"GIVE FIRST SLC."
The next file from magnetic tape is read into

the computer array SLICE, and the slice from
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the BLOCK in external core me;ﬁory is read
from the slice specified. The two are added -
channel by channel except channel 2 (lower
limit) comes from the magnetic 't_ape and channel
3 (upper limit) comes from the siice of the
BLOCK in external core memory. The result
of the addition is written back into the slice

of the BLOCK in external core memory from
which the original slice was taken. The current .
run number becomes the last':bﬁg read from
tape, and the line printer prints oﬁt the slice

number and the run number. Addition of

. sequential pairs of spectra continues until the

last run number, as specified, is read from

magnetic tape and processed. -

displays the contents of SLICE as a one-

parameter pulse-height spectrum of 1024

channels on the memory-display oscilloscope

as a series of 1024 points. In addition to the
spectrum, an axis is displayed wi'th a poin.t
every 32 channels. Four displé.yed control
points cause operations to be performed if they |
are sensed by the light pen. 1) The point in
the upper left-hand corner ends. the function.
2) The one in the upper right-hand corner is
unused. 3) The one just below pdint 2 cuts
the maximum scale bf the display in half and
thereby magnifies the display. 4) The point
just below point 3 doubles the méximum scale

of the display and thereby shrinks the display.
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The function PEAKEY may be
operated in either of two modes, which are
named for the interrupts S and M that send the
function into their respective modes when
operated. The function starts in the S mode,
While this is in effect, penning a point in the
diéplayed spectrum causes either the energy
corresponding to that point or alternatively
some parametric number depending on the
numbers entered in the CONSTS array (as

explained in connection with function

31: CALPAR) to be written on the display

scope. Three points in the specti'gm are
brightened, namely the penned point and the
points corresponding to its energy +1.022 MeV

(providing that energy constants were entered) in

order to identify the double-escape peak (-1.022
MeV) or the full-energy peak (+1.022 MeV) in
a y-ray spectrum. If one operates the M
interrupt, the M mode is entered and the full
scale of the display is typed out on the ‘ty'pe—
writer. If any points of the spectrum are light
penned, their channel numbers are entered into
a list in the computer and may be used by other
functions. In addition, these channel numbers
are typed out on the typewr'rte‘r. " The operator
may return to the S mode by opérating the S

interrupt.

performs a least-squares fit (linear or guadratic)

to two sets of numbers (of up to 10 elements
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each) that convert the member of one set into
the memf)ers of the ofher set. Most commonly
the conversion from channel number (independent
. set) to energy (dependeqt set) is dé_éired. The
program asks if the channel numbers are to be
entered via typewriter or display scope by
typing "TYPE OR SCOPE." The operator

must type in "TYPE" or "SCOPE." If he types
in "TYPE, " the program types out "CHAN" and
the operator must type in the 1ndependent
var1a.b1e then the program types "ENERGY" and
the operator must type in the corresponding
dependent variable. This list of up to 10 pairs

~ is terminated when both the independent and
dependent variables are entered as 0.

If the operator has chosen SCOPE,
the spectrum from SLICE is displayed and the
operator must first push the M in’té'rrupt and
then light-pen the independent Qaria.ble set and
finally terminate the display .a.s in PEAKEY by
penning the point in the upper left c-orner. The
typewriter types "ENERGY" and thé operator
must type in the dependent variable set in the
order corresponding to the independent variable’
set. A

After either of these processes
is finished, the program types "LNR OR PBRL"
for linear fit (LNR) or quadratic‘ fit (PBRL).

If the operator types in "LNR'" or "PBRL"

(and carriage return stop) the program does a
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2- or 3-parameter fit to the respective sets.

The typewriter paper always servés as a log of

the input. The numbers resulting from the fit
are saved in an array dimensioned 4 X 3,

since there are up to 3 numbers for the conver-
sion and 4 bne-parameter sp.ectré (two from each
two-parameter measurement). The results
from any CALPAR are stored in the section of
the 4 X 3 array corresponding to the one-
parameter spectrum stored in SLICE. The
contents of the 4 X 3 arré.y may be interro-

gated by executing function WOTCON.

allows the entry of constants, as would be
calculated by CALPAR, airectly into the array
described in CALPAR. 'The program asks for
which one-parameter spectrum the constants
should be entered by typing "ADC X OR"Y."

The operator must type in 1X, 1Y, 2X, or 2Y
to indicate not only the two-para.meter set 1 or
2 but dlso the axis X or Y of the one-parameter
spectrum. "The operator must then type in three
numbers (which, for the cé.se of conversion
from channel number to keV, have the units
given in parentheses), namely 1) fen},times the
constant term (tenths of keV), 2) a thousand
times the linear term (eV per chanﬁel), and

3) a million times the quadratic term

(meV /channelz). Note that if thé coﬁstants
entered are 0, 1000, 0, the conversion will be

the identity transformation and may be used to
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WOTCON
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display channel number with PEAKEY.

types out the constants entered b.y CALPAR or
CONSTS. The program asks "ADC X OR Y"
and the operator must type in '"1X," "1Y," "2X,"
or "2Y." The constants are typed out in the
same units as were listed in function

32: CONSTS:

allows the opérator to enter up to 50 pairs of
ﬂumbers (from 1—1024) that will be used as
pairs of lower and upper channel limits by other
functions. The channel limits are defined as
LL < channel < UL. The program asks

"ADC X OR Y" to which the Oper_afor must
respond "1X, " "1y, "2X, " or "2Y," to
specify the analog-to-digital-converter nﬁmber.
If "1X'" is typed, the limit pairs will produce

a ﬁ{ spectrum in coincidence with 1X events
between the entered channel limits. The
program next asks "TYPE OR SCOPE" to
which the operator must respon‘t'i "TYPE" or
"SCOPE." If he enters "TYPE" the program
types "LL" to invite him to type in a lower
limit and then "UL" to request an upper limit.
The pairs of numbers are entéred at the end of
a list until either 50 paris have been entered or
the list is terminated by enteriﬁg a pair having
zero for both limits. If an upper limit is less
than its corresponding lower limit, then
"AGAIN" is typed and the operator must re-enter

the pair.
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If "'SCOPE'" was typed on the other
hand, the program displays the spectrum in
SLICE, if that spectrgm corresponds to the
ADC number typed in. If there is no corres-
pondence, the program types "WRNG SPCTR,
IF OK SS6, RUN" and halts. When the com-
puter RUN button is presséd and sense switch &
(SS6) is off, the functi.On terminates. If sense
switch 6 is on, however, the program displays
the contents of SLICE on the sAcope. (Sense
switch 6-mp.st then be turned off.) The’M‘
interrupt must be operated to enter the channel
numbers in the list by 1ightl—penning; no entry
takes place unless the scope display is in the
M mode. The energies represented.by the
points may be interrogated in S mode just as in
function 30: PEAKEY. The program assumes
that the limits are penned in pairs consisting of
lower and an upper limit, in that"order. The
channel numbers of the penned points are also
typed out. After 50 pairs are entered or the
display is terminated (as in function 30:
PEAKEY) the function inserts these limit pairs
into the limit list after any limit pairs already
present. The number of the paif,after the
word SLICE will be typed out whenever an
upper limit is less than the asséciated lower
limit. Each pair of 50 limit pairs will
correspond to a slice in the 50 X 1024-word

BLOCK in external memory, and hence they
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LSTLMT

CHGLMT

ERASER
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are numbered by their slice numbers. If an

" odd number of limits has been entered,

"ODDLMT" is typed and many limit pairs may
be incorrect because the operator entered an
upper limit into a lower limit or vice versa.
The sense-switch-6 option has just been

discussed.

prints the whole limit list on the line printer.
Each line has first the word SLICE, then the
number of the limit pair followed by‘ 1xX, 1v,
2X, or 2Y to specif.y the corresponding
analog-to-digital converter, and finally the
characters LL=-and the lower limit followed
by UL= and the upper limit. There are up to

50 such lines, one for each pair.

allows the operator to change one of the limit
pairs in the limit list. The program asks for
the number of the desired pair by typing
"SLICE" and the operator must enter its slice
number. The pair is then entered, just as it
would be in function 34: ENTLMT except only
one pair will be accepted and this limit pair will

replace that of the slice numbef typed in.

allows the operator to erase all or part of the
limit list and reorder the remainder of the
limits and slices so there are no vacant slices
in the BLOCK in external memory nor vacant
slots in the limit list. The program asks

"ALL OR PART.'" If "ALL'" is typed in, the
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SETSCL
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whole limit list is erased but the slices in the
BLOCK in external core memory are untouched.
(The latter can be set to zero by use of the
function ZEROEM.) If "PART'" is typed in,

the program types '""SLICE" to invite the
operator to type in the slice number. The pro-
gram then moves all the limit pairs above the
entered number down oné péir, and similarly all
the sliceé in the 50 X 1024-word BLOCK in
external core memory above slice corres-
ponding to the entered number are moved down
one slice. Th'e effect is to erase both the

limit pair and its éorresponding 1024-channel
slicé in the BLOCK in external memory. The
program will continue to ask fér slices to erase
until the number zero is entered to}tel.'mAinate

the function.

allows the operator to tell the program the
number of channels and the number of inches
per channel to be plotted on the Calcomp
plétter if a plot function is called. The pro-
gram asks for the number of channels to be
plotted in by typing NGIVE NO CHANNL; " (The
effective limit is 1024 because of the dimension
of SLICE.) The program next asks "GIVE
NSTEP, " and the operator replies by stating
the step size (in hundredths of an inch per

channel) to be used by the plotter,

allows the operator to set the number of events

that are to occupy full scale (10 in.) on the
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WOTSCL .

PLOTSL
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Calcomp plotter. The program invites the

- operator to type in the full-scale value by

typ;ing "FULL SCALE." If the operator types
in a zero the program will inspect the spectrum
in SLICE each time a plotting function is called
and will take t}.1e4fu11 scale to be the number of

events in the channel with the most events.

types out the number specifying the number of
events taken as the full-scale excursion (10 in.) ~
on the Calcomp plotter when a plotting function

is executed.

plots the contents of the array SLICE as a
pulse-height spectrum (in the form of a
histogram) according to the parameters entered
in functions 38 and 39: SETPLT and SETSCL.

In the lower left-hand corner of the plot,
numbers are written in three rows. Reading -
left to rigl&t, the top row has the number of |
events corresponding to full scale on the plotter.
The second row has the current run number
and the number of the analog-to-d'igitall
converter (1X =1, 1Y =2, 2X =3, and 2Y = 4).
The third row has first the lower limit and

theﬁ the upper limit corresponding to the
channels in the conjugate spectrum with which

the plotted spectrﬁm was in coincidence.

causes the Calcomp plotted to plot a histogram
of the data from selected slices from the

BLOCK in external core memory according to
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the parameters entered in functions 38 and 39:
SETPLT and SETSCL. The program types
"FIRST'" to ask for the firét of the 50 slices
in external core memory to be plotted. The
program next types "LAST' to é.Sk for the final
slice in external core memory to be plotted.
Finally the program types "NO OF SUMS. "
This number is the number of spectra to be
added together channel by channel (just as in
function 28: ADDSPC). If the number of sums
is 1, no addition takes place. AThe plot output
is just like that from function 41: PLOTSL.

If the number of sums is greater than 1 and
the slices have been read into the BLOCK in
external core memory with the lowest limit

first and there are no gaps in the list, then the

-limits will be written correctly on the plot.

For example, if FIRST = 5, LAST = 11, NO OF
SUMS = 5, then the three plots corresponding
to slices 5+6+7+8+9, 6+7+8+9+10, and
7+8+9+10+11 will be added channel by channel.

causes the 1024-channel spectrﬁrﬁ obtained in
function 50: ANALYZ (i.e., the 1024-channel
spectrum in coincidence with some specified
pé.rt of the 50-channel spectrufn) to be recon-
structed in SLICE and plotted on the Calcomp
plotter. If PLOTGM is executed after ANALYZ,
the 1024-channel spectrum will be plotted on

the same scale as was used for fhe display on

the memory oscilloscope in ANALYZ. The
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current run number, mé.ximum sc‘aIe, limits,
and analog-to-digital-converter number are
written on the plot just as in function 41:
PLOTSL. The plot is always '1024 channels

long and the step is 0.01 in. per chaﬁnel.

allows the operator to type in a list of up to
seven numbers that indicate the order in which

the seven 1-parameter multichannel analyzers

are to transmit the contents of their meémories

into the array SLICE in function 45 or 48:
DUMPAN or TAKE 2. Each analyzer has a
number in the range 1—7, and the order in
which these numbers are entered into the

list in SETANA is the order in which the
analyzer memory will be transmitted. The
list is ended after seven numbers é.re entered

or a zero is entered.

transfers the contents of the one-parameter
multichannel analyzer memorties. into SLICE
and onto magnetic tape (0) (if sens'e switch 5 is
off) in the order of the SETANA list until (as
specified in function 44) until seven spectra are
transferred or a zero is encountered in the
SETANA list. The file on magnetic tape is in
the same format as in function 20: lSLTMTi,
and the run-number record conta.ins the current
run number as the first word and the negative
of the analyzer number as the' second word. |
Before the file is written on magnetic tape (0)

the run number and analyzer number are typed
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’

out. After the file is written on magnetic tape ’
(0), the current run number is augmented by.
one. If sense switch 5 is on, nothing is written

onto magnetic tape (0).

transfers a 1024-word subarray of the 4096 -
word memory attached to the Nuclear Data two-
parameter analyzer to the array SLICE. The
1024 -channel subarray is switch-sélected on the
Nuclear Data mé.fnory, and the Nuclear Data
memory mode must be in stop 2. 'Since the dual
analog-to-digital-converted results of con-
verter number { may be routed into this memory
(a 4096 -channel subarray frorﬁ the '106—channe1
array), IKDUMP may be used to fransfer events
that have been pulse-height analyzed by the
Nuciear Data memory. The 0p'erator should
realize that one-parameter spectra such as can

be stored in the memory of the Nuclear Data

~analyzer may be obtained with the limit pair 1

and 1024 by using function 48: TAKE.-2. If
IKDUMP is used, the 6perator should execute.

.function 47: SETADC immediately afterward.

Failure to do so will almost certainly result in

future errors.

allows the operator to instruct thg program that
he wishes the contents of SLICE to be identified
as originating from analog-to-digital converter
1X, 1Y, 2X, or 2Y. The program asks

"ADC X OR Y, " to which the operator must '
respond "1X,'" "1y, "2X " or "2Y.'" Channels
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2 and 3 (the lower and ﬁpper limits) of the

spectrum in SLICE are altered.

.48. TAKE 2 accumulates events from up to two (if sense
switch 2 is on) Nuclear Data ND160 .dual
analog-to-digital converters on magnetic
tape (0), sorts pulse-height informatioﬁ
according to the limit list and enters it into

. the BLOCK in external memory, displays the
results of the sorting 6n the scope as data are
accumulated, reads the contents of up to four
ASI scalers, and controls the beam shutter.
"When TAKE 2 is called, the pr.ogi'am types
first "TAKE 2" and then the run number. If
sense-switch 4 is on, the operator next is
requested to "GIVE NUMBER OF RECORDS'"
(containing 256 anaiog-to—d'rgital’—conve.rted
events) at which intervals the beam shutter Will
be closed, the scalers will be stopped, and a
one-parameter analyzer memory \%/ill be trans-
ferred as in function 45: DUMPAN according to
the first element of the list from function 44:
SETANA. The scalers will then be restarted
and the beam shutter opened. The above pro-
cess from closing to opening of the shutter will
also occur any time the B interrupt is operated
during the data-transfer process m TAKE -2.

: Nextvthe program types out "TANALYZER NO I
‘WILL BE DUMPED EVERY J RECORDS, "
where I is the first element of SETANA list

(function 44) and J is the number of records
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entered. (If sense switch 4 was off, if a 0 was
entered, or if I = 0, the analyzer CQntepts wi'll
not be transferred.)

The pro.gram now waits for the
Nuclear Data two-parameter anaiyzer to trans-
mit 256 words which will fill one buffer array
in the computer. When the buffer array is
filled, another is opened and the contents of
the first are written onto magnetic tape (unless
sense switch 5 is on). Next in accordance with
the limit list entered by ENTLMT (function 34),
the words in the buffer are sorted into one-
parameter spectra in the BLOCK in the external
memofy. The result of the sorting of a one-
parameter pulse-height spectrum corresponding
to a limit pair is displayed on the display scope.
In the upper right-han& corner-is tHe number
. of the limit pair (1—50) that produced the
spectrum. Below that number is a number that
represents the full scale on the écbpe display.
The full scale is taken as the nufnber of events
in the channel with the most eventé when the
display scope first displé.ys the spéctrum
number. This scale factor may be halved by
operating the S interrupf. Every time the M
interrupt is operated, the spectrum number to
be displayed increases by 1. The spectrum is
displayed on the scope only when the computer
is not busy changing buffer areas or writing on

magnetic tape (0).
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In order to terminate the flow of
data into buffer arrays, the operator must
operate the blue A interrupt button on the B@-5
unit. No other interrupt button will terminate
the transfer of data because of hardware
limitations in instructing the computer that
the buffer is full. If sense switch 3 is off, the
shutter is closed, the scaler i$<tur-ned off, and
the contents of the scalers are typed out. The
current run number, the negative’ of the first
element of the analyzer list, the riurhber of
records written onto tape (0) unless sense switch
5is on, and the number of current integrator |
interrupts is typed out.

' Putting sense switch 2 on implies
that form will be taken from 2 two-pé.xjametér
experiments; turning it off implie_'s'that only the
one two-parameter analyzer attached to the
Nuclear Data memory unit will be used.

The off position of sense switch 3
implies that the beam shutter, s‘ca.l'er control,
and {-parameter-analyzer control will proceed
automatically; putting it in ther'n.position
implies that these operations must be performed
manually. If sense switch 3 is off and the

magnetic tape fails while words converted from

. analog to digital are being recorded, the beam

shutter is closed, the scaler is turned off, the
one-parameter analyzer are halted, and the
computer halts and types out "RCRD NO. X."

If RUN on the computer is operated, everything
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will continue as normal.

The on and off positions' of sense
switch 4 respectively imply that the operator
does and does not desire the contents of the one-
parameter analyzer appearing firs.t in the
analyzer list to be transmitted to magnetic
tape (0) after a given number of records are
written on that tape.

The on poéition of sense switciu 5
implies that all output to magnetié' tape (0) will
be bypassed, off implies that magnetic tapes
will be written. This sense-switch-5 option
is convenient for accumulating theA one- -
parameter sbectra from the Nuclear Data
analyzer in the BLOCK in the external core
memory according to the limit list; the process
then is not slowed down by the magnetic tape
(which can only handle an input rate of about 4
records per second). The operator can
conveniently accumulate the singles spectra
(i.e., spectra with no coincidence require-
ment) with sense switch 5 on and limits of 1
and 1024 in the limit list for 1X, 1Y, 2X, and
2y. |

| The format in which words from
the analog-to-digital converter are written onto
magnetic tape by TAKE 2 consists of a two-
word record of the current run number and then
256-word records of analog-to-digital-converter
words, and finally an end of file followed by an

end-of-data mark (which is backspaced over).
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_ performs the sorting (pulse-height analysis of

words from the analog to digital converter) of
one file of information on magnetic tape written
by TAKE 2 (function 48) according to the

limits currently in the limit list. The results
are stored in the 50 X 1024-word BLOCK in
external core memory. After the end of file

is read, the program compares the number of
records sorted against the number written.

If the numbers are equal, the function termi-

" nates. If they are unequal, the program types -

"RCD COUNT ERR" followed first by the

number of records read by TPTSLC (function 49)
and then by the number written by TAKE 2
(fun'ction 48).

Because TPTSLC is limited to a
block of 51 200 words, and because it uses the
same sorting routine as TAKE 2 (which allows |
the events to occur randomly—aé they actua.lly-
do when the data are taken), the s.-o_rting by
TPTSLC requires about 4.5 msec/event. A
factor of 30 in speed ‘may be gained by using the
full 98 304 words of the externé.vl core memory
and by requiring t‘he limit list to be sequential.
To do this, program DIMWIT (described in

Sec. D) was written.

allows two-parameter pulse-height data to be
reduced to the information of interest. That is,
one rhay find which peaks in one of the para-

meters are coincident with peaks in the other
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parameter; further, one may get the nqmber of
events under such two-dimensional peaks. The
operator should transfer into the 51 200 word

- BLOCK in external core rhemory fifty 1024 -
channel Q-ray spectra coincident with protons
so that if first gamrﬁa spectrum is in coinci-
dence with proton pulses of some energy E to

E + AE the ith gamma spectrum is in coincidence
‘with protons having énergies from E + (i - 1) AE
to E + iAE for 1 <i < 50. AE is the energy
width of each of the 50 channels. (The pro-
grams DIMWIT (Sec. D) and ADDUP (Sec. E)
.normally produce their results in'a form so that
this condition is automatically met and one may
use TPDUMP to read the BLOCK in external
merhory). Call the 50 gamma spectra

P1, - - -, P50. ANALYZ will consider the

51 200-word BLOCK in external core memory
as a two-parameter pulse-height spectrum of

50 X 1024 channels. '

From this BLOCK two 1-para-
meter spectra are.creaded. A coincidence
gamma spectrum is obtained By summing gé.mma
spectra in the BLOCK in external core memory
from Pi to Pj, where Pi and Pj are the selected
‘proton channel numbers from E + (i - 1)AE to
E + jJAE. Likewise, acspectrum of protons in
coincidence with a given y ray may be obtained.
If for proton channel Pk the coincident gamma
spectrum contains é. peak from gamma spectrum

channel yi to yj (the lowest and highest channel
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in the peak, respectively) and if a-low channel
background may be taken from yk to yi-1 and a
high channel background may be taken as vyj + 1
to v, then ANALYZ will fit the Sackground
points with a quadratic‘ﬁt (or with a linear fit if
sense switch 2 is on) and take the area from vyi
to yj minus the background from vi to yj as the
number of events for the Pk element of the
proton spectrum. Repeating the same process
for k = 1—50 results in the 50 cha.n.nel proton
spectrum in coincidence with the gamma peak
in channels yi to yj. The ba’ckgro’uvnd correction
in the gamma spectrum is necessary because of
the Compton scattering of gammas of higher
energy would produce spurious peaks in the
proton spectrum.

. These two spectra (proton and
gamma) are displayed on the memory display
.oscilloscope. The 50-channel 'px;oton spectrum
is on the left; and.depending on whether sense
switch 3 is off or on, the rightv-hatnd position
displays respectively the first or the last 960.
channels of the 1024-channel y spectrum. Iﬁ
addition, the points Pi, Pj, vi, yj, vk, and v{
are brightened in the displayed spectra and’
their channel numbers are listed along the top
of the display screen. Each of ti'xése channel
numbers is entered by light-penning the
corresponding point in the appropriate spectrum

of the display scope. A few. precautions on the |
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points which may be light penned are taken,

viz. Pi < Pj, vk < yi € yj < y£ and when light
penning the proton spectrum (to get a coincident
gamma spectrum) the gamma spectrum cannot
be light penned until both Pi and Pj are penned,
likewise for light penning the four gamma |
spectrum points.

By reducing thé t\lvo-parameter
data' to one-parameter spectra over narrow
limits, one can find which proton peaks are in
coincidence with which gamma p.e'a.ks. For
identification of the channel numbers or energies
of the proton spectrum or the gamma spectrum (if
the correct constants have been entered via
function 32: CONSTS or function 31: CALPAR)
another mode has been built into ANALYZ.

The experimenter may change modes by |
operating either the M or S interrupt. In mode
2, the numbers Pi, Pj, vi, vj, \‘(k,. and y{ are
not displayed, and if a channel in the gamma
spectrum is light-penned its channel number or
energy is displayed. If a proton channel is
penned, the scope disblays its channel number
or energy (depending on the number entered in
CONSTS); and in the upper right-hand corner is
displayed'the result of integrating the proton
spectrum from the last proton point penned to
the current one, inclusive.

Putting sense switch 2 on forces

the gamma background to be fitted with two
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variable quantities (i. . , it calls for a linear
fit). When sense switch 3 is on, the last 960
channels of the 1024 -channel gamma spectrum

are displayed.

- D. Program DIMWIT

Program DIMWIT performs the pulse-height analysis
(sorting) of words which TAKE 2 (function 48 of GROUP) accepted
from an analog-to-digital converter and stored on magnetic tape (0).
DIMWIT is capable of sorting a 96 X 1024 -channel subarray of the
1024 X 1024 array produced by any pair of the dual analog-to-
digital converters. The input magnetic tape is logicai unit 0 and
- the output magnetic tape is logical unit 2. The program types
"ENTER RUN NO FOR OUTPUT'" and the operator must type in the
identifying ﬁumber to be written on magnetic tape (2) for the first of
the 96 output files. These files are the 1024-channel spectra from
the external core memory written in the same format as SLTMT1
(function 20 from GROUP). If 1001 is entered, for el’xample, the
96 output spectra will be numbered 1001 —1096. Next the DIMWIT
types "FIRST;‘ and expects the operator to type in the lowest channel
number of the subarray to be formed. Next DIMWIT types "STEP, "
to which the éxperimeriter must respond with the number of input
channels to be integrated to form an output channel. ""I’hen DIMWIT
asks "ADC X OR Y,'" to which the experimenter must respond
i, 1y, "2X,'" or "2Y'" to indicate the analog-to-digital con-
verter on which the sorting is to proceed. DIMWIT then prints out
the list of 96.1limit pairs that will be sorted into the external core
memory. This input is repeated until a 0 is.entered as an output
number. Nexf DIMWIT types "RUN NO FOR INPUT" to ask for
the runs to be sorted. To make his selection from among the runs

written onto magnetic tape (0) by TAKE_Zl, the experimenter types
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in a list of their run numbers. This list is ended by tybing in a
zZero,

DIMWIT then erases (sets to Z‘ero) the external core
memory (if sen.se switch 5 is off) and prints out the éet of 96 limit
pairs it will use. It then searches forward on magnétic tape (0) to
find the first run number for input, whereupon "FOUND IT'" is
typed and the sorﬁng proceeds. This process is repeated until the
list of input run 'numbers is finished. The magnetic tape (0) is
rewound. DIMWIT now searches magnetic tape (2)'f0; an end-of -
data mark (as written by function 20: SLTMT1). The 96 1024 -word
slices are now written onto magnetic tape (2), and the éorresponding
run numbers are printed on the line printer. After rnagneti'c.tape
(0) is rewound, this process is repeated for every s:et of output
numbers and their corresponding limit pairs. o

Sen_ée switch 1 must be on. Putting sense switch 2
on will instruct DIMWIT to pause after magnetic tape (O) is rewound
and before magnetic tape (2) is written. If only one mégnetic—tape
handler is availablé, the output tape may be mounted as logical
unit 2 and the output will proceed on this uﬁit. After the output
has finished, the program will again pause so magnetic tape (0)
may be remounted. Putting sense switch 3 on means that the
search for the input run number will be bypassed and the sorting
will start immediately. Whenever TAKE 2 has wrifteﬁ the first run
number over the magnetic4 tape load point, this option should be
used. Sense switch 3 should be turned off as soon a's sorting has
begun. Sense switch 4 will postpone the output on.magnetic tape (2).
and allow a new magnetic tape (0) to be mounted. The program then
will ask for a new set by typing "RUN NO FOR INPUT." The

external core memory is not erased and the subarray from several



150

input tapes may thus be accumulated in the external core memory.
When sense switch 4 is turned off, the output will proceed
normally. With sense switch 4 on, the operator should have sense
switch 2 on. Turning sense switch 5 on'instructs the program to
skip the part of the program which erases external core memory.
Use of this sense switch is not normally necessary but is some-
times convenient if the sense-switch-4 option is being used and a
typing-in error requires the program to be restarted from the
beginning. In this case sense switch 5 shoﬁld be turned on in order
to avoid erasing the data previously accumulated in réxternal core

memory.

E. Program ADDUP

Program ADDUP is capable of adding several
96 X 1024-channel subarrays channel by channel to form a total
96 X 1024-channel subarray. The input magnetic tape is logical.
unit 0, and the output magnetic tape is logical unit 2. ADDUP
first types "OUTPUT NO'" and the operator must type in an
id'entifying number which will be used td label the files on magnetic
tape (2), which are written in the standard format produced bjr
SLTMT1 (function 20). If, for example, the operator types in
1001, the 96 output run numbers will be 1001-—1096'.. ADDUP
next types "INPUT NOS,'" and éxpects the operator to' type in the
first run numbers of each of the 96 X 1024 subarrays that were
written on magnetic tape (0) and that are to be added channel by
‘channel into the 96 X 1024-channel array in the external memory.
The list of input numbers is ended by entering a zero. The whole
input sequence is repeated until zero is entered as an output

number. The process followed for each set consisting of an output

number and several input numbers is as follows. First, the
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external core memory is erased. Second, the firs.t input number is
searched for on magnetic tape (0) and then added into the external
corc memory in the first of the 96 1024-channel slic'e..s, and
similarly the 2nd through 96th files are added to the correspond-
ingly numbered 1024 -channel slices. Third, the second step is
repeated for each input number. Fourth, magnetic tape (0) is
rewound. Fifth, magnetic tape (2) is searched for an end-of-data
mark (as written by function 20: SLTMT1). Sixth, the contents of
external core memory are written out on magnetic tape (2) as
96 1024-word files in SLTMT1 format. The output number is
printed on the line printer after the file is written on magnetic
tape (2).

' ' S.ense switch 1 must be on. If sense switch 2 is on,
the program ADDUP will pause between the fourth and fifth steps
and after tbg sixth. ‘ o

]

F. Rectangular Arrays

The GROUP system supposes that the dual Nuclear
Data analog-to-digital converter pﬁts out one ASI computer word
for each two-parameter event. The ASI word has 21 bits (labeled
as B1—B21). The 21st bit (B21) indicates which of the two dual
' analog—-to-digital converters created the event and is beyond the
experimenter's control. From the remaining 20 bits, bits B1-B10
(X1-X10) are ntaken by GROUP as one parameter (X) aﬁd bits
B11-B20 (Y{-Y10) are taken as the other parameter (Y) to form
the 1024 X 1024 channel event (N. B. 210 1024). Should
4096 X 256 array be desired, the patch board connected must be
arranged s‘o that X1-X10 go to B1-B10, Y1-Y8 go to B11-B18,
and X11 and X12 go to B19 and B20. The array created will then

be four 1024 X 256 arrays, and each of the routines in Secs. C, D,
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and E will use one of four 1024-channel subsection of the 4096- -
channel spectrum. Clearly other patch board arrangements are

: 6 :
possible to achieve other sectioning of the 10 -channel array.
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APPENDIX B. CALCULATION OF SPECTROSCOPIC FACTORS BY USE
OF THE MBZ WAVE FUNCTIONS

)50

1. Calculations for the 9Ti(3He, d)” "V Reaction

With the square bracket [ ] used to denote angular-

momentum coupling, the spectroscopic factor is defined as

| o I, 2
S=.Z.|(<I>'I(p1...pz,n1...nN‘l[XJ(pi...pZ_l,ni...nN)tP(pZ)] )l ,

50, . C
V wave function of total angular

where the function CI)I is a
momen.tum‘I, ‘t_he wave function )(J is a 49'I'i wave function of total
.angular mome'nt,um J, ¥ is the wave function of thé I')r_ot'on rémoved
from S.OV to form 49Ti, and Z is the number of pr{ot.onsA in the 1f7/2
orbit of the 50V nucleus. Let j = %7 represent the spin of each nucleon
in the 1f7/2 o.rbij: and let a be the serial number of a .s.ta‘.ltge having a

given spin J. Then, as in Chap. V, a wave function of ~'Ti may be

written

49 __. aJ 2 ‘ ~1..J
X(T'Ti,al) = ) DY(wLY[¢, (LY (7] (B1)
= 2™ - ‘n".
. v'L! .
aJ . o . .
The D (v'L') are the (real) coefficients of the expansion given in
> a
reference Mcb4a. The llJiZ(j v'L') are the wave functions of two
protons coupled to total angular momentum L' and éen‘iority v,
The neutron hole is allowed to have only the total angular momentum

j = % The prot‘on and neutron wave functions are éoupled to total

angular momentum J. Likewise,

2 | ﬁ
e, 05 0] - ) D™ (v e(* i ag).. (B2)
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On the other hand, we may write the ath state of
5
spinl in 0V,as

¥(°%V, a1) = Zc( ¥ 0w 67 h

This expression for the 50V wave function can be put in the desired
form by successively (a) expanding in terms of fra.cti'onal—pérentage
coefficients, (b) reordering the vector coupling, (c)'rekc.oupling by
use of the Racé.h coeﬁ.'icient U, (d) reordering the vector'coup_ling
coefficient, (e) substituting from Eq. (B2), and finally (f) using the

Racah coeff1c1ents The re‘sult, shown step by step, is

5 | * - . L
¥(v,an = Y cMonygtensd et 65w, 015 7]
vL - L
VIL.I 1 J a ~:' (B3a)
S N il el R D IILL S B uL)
- vl .
v'L'
X 14, 00,,G% 1™ 7! L (e)

_ Z 1) '+J LcaI( vL)(j vlLl,JI}J VL)U(_]L I_] LJ)
vL- : '

v'L!

J

X (o006 we 6T - (B30)
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2i+J+L+L' -1 _al
=Y ¥ cT L 2L Bitv) U(JL'IJ LJ)

vL
lVILI
J

X 14,65 67H1 741! | (B34)

' - 234+ J+L+L' -1 __al 2 3
2 (-0 c* vy (T Lilive)
vl ’
v'L}
J

49

X UGL'Tj; LD (winy[a (*I1i, aJ)LP3(a')A]‘I (B3e)

e 2 - 2 3
=Z Z\ (_1)2_]+2J+2L ZICaI(VL)DaJ(V'L')(‘j v'L';jB_j vL)
aJ viL o

RRYS

/ \1/2 o |
2J +1 2L + 1
X <21~+ 1 2L + 1> U(JLJJ L I)[<I>( ?Ti, aJ) 4 (J)]

(B3f)

Using this in the definition of the spectroscop1c factor for the
transition from ( 9 alJ) to ( V, al) one has
- : o \2j+2J+2L- 21 _al
s  =3] ) (-n7
aJ--al - vl
- VILI

- 1/2
2J +1 2L+ 1 2
. <21 +1 2L' + 1) U(LI;LT) |

vL)p™ v Ly %L B e
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Here the spectroscopic factor for the (3He, d) reaction from the 49Ti
ground state (49»Ti, a=1, J=j) to 50V(aI) is expressed in terms of the
coefficient of fractional parentage, the Racah coefficients, and the
MBZ expansion constants. When this spectroscopic factor is
fnultiplied by (ZJf + 1)/(2Ji + 1) so that it can be compéred with

experimental values, the final result is

| - 1/2
21 + 1 t4+21-21 /2L + 1
TR BRI <2L' + 1> Yo

vL
ILI

: 1- : . |
X D S 2vrLs; Bj%L)U(ijj;L'L) |2

51__3 '
II. Calculations for the V( He, a)SOV Reaction

The calculation proceeds just as in Aé'pendix BI. The

results are

I . I,.7 s 2

x (°%, ar) = Zc (vL)[ 123(33\’L)441 -0,

_vL

I

3
[¥,,0 VL).lPl’l?(j)] Zc vLIx "0V, al),

2!V, a0 = (¥,

0w, 8(3'80>]J

(¥

3 7. 10,7
| 1230 J)[‘Pl, 5 J)¢8(J)] ]

> 1)

- , NS SRR
ZHU(JJJ‘];IO)[[LPIZ‘?’(J MELARI RO
I ’ -

Y UGI10 M v x OV, 2wy ()17
la:
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S

e al 2
oJ.a1 = 81UW@ISICT (v |7

: 51__3 51
For the reaction V( He, a)SOV(aI) the ground state of V has

a=1and J=j E.%, and the spectroscopic factor can be written

v

: 1 al - 2
S =g+ 1) |C (;),l .
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