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1. Introduction

At this School, instead cf speaking on just one broad topic, I have

elected to speak on three unrelated subtopics: (1) Radiative thermal

neutron capture, (2) Systematics of B(E2;O!++2i+) values, and (3) Heavy-

ion-induced X-ray satellite emission. Because I have written extensively

on these topics in publications elsewhere, I can afford to be very selec-

tive and brief. I have been careful though to provide the interested

reader with an extended list of "eferences.

2. Radiative thermal neutron capture*

The (i ,y) method takes advantage of the neutron separation energy

(typically 5 to 8 MeV) to form a highly excited state which subsequently

decays by electromagnetic radiation (and also particle emission). The most

significant primary -y rays in this process are generally HI and Ml. In

general, a large number of y rays are detected that lead to complex level

schemes. In the case of light nuclei, such level schemes are usually

complete in the sense of accounting for nearly all of the capture cross

section and, more importantly, a few primary El transitions (often less

then ten) account for a large fraction of this cross section. The physics

of the capture process is contained in these primary El transitions and we

have made considerable progress towards understanding tham.

Work done in collaboration with Eric Lynn (Harwell) and Sylvian Kahane

(Beer-Sheva).



Analysis of such data in the past has shown strong evidence of single-

particle efforts. One qualitative signature is a strong correlation

between the (dtp) stripping strength and the primary Y-ray cross section

to a sequence of common final states. When such a correlation is present,

the (n,y) process can be treated as a direct capture process1) involving

the transition of a single neutron orbiting in an initial s-state (in the

overall potential field of the target nucleus) to a bound final p-wave

orbit.

In a series of recent papers 2" 4), we have invoked the direct capture

mechanism in a fully quantitative way within an optical model framework to

analyze the (n,y) data from 9Be, 1 2C, 1 3C, 3 2 S , 3 3 S , 3kS, 4 0Ca, and ""Ca.

We compare the measured cross sections of the main primary El transitions

with the calculated values. The calculations require a knowledge of final

state excitation energies, (dtp) spectroscopic strengths, and scattering

lengths. We employ two different approaches; (1) a combination of a

global optical model plus a valence contribution from local levels, which

we call the (G+V) approach, and (b) a specialized optical model (S)

approach in which the optical model parameters are chosen to reproduce the

scattering length of the particular nuclide in question.

Perhaps the best way to illustrate these approaches is to explicitly show

the initial state and final state wave functions, the radial integrand, and

the radial integral for an actual tl transition that we studied recently.

The square of the radial integral is roughly proportional to the capture

cross section. Figure 1 shows the above quantities for the 6.421-MeV

primary El transition to the 1.943-MeV, 3/2" final state in 1*1Ca. The

solid lines are for the global optical potential. From the initial state

wave function, it can be seen clearly that the global optical potential

fails to (nor is it expected to) reproduce the measured scattering length

of 4.9 fm. The difference is due to nearby compound nucleus levels. These

levels, in turn, will have some valence radiation width that arises from

the projection of the single-particle s-wave state out of the compound

nucleus wave function. This width can be calculated with the same global

potential. The direct capture cross section can then be obtained by

combining the amplitude representing the potential capture cross section

with the amplitude representing the valence contribution and by squaring

the resulting quantity [see ref. *•)]. This then is the [G+V] approach. In

the case shown in fig. 1, [G] alone gives 647 mb and [G+V] gives 160 mb,

compared with 167 ± 25 mb from experiment.



The dotted lines in fig. 1 are for

a specialized [S] optical model that

reproduces the scattering length.

The final state wave function in this

case is the same as that for the

[G+V] approach. In the [S] approach,

no further adjustments are needed and

the square of the radial integral is

directly proportional to the direct

capture cross section. In fig. 1,

the [S] result is 158 mb, again com-

pared with 167 t. 25 from experiment.

In addition to these optical model

approaches, we can also invoke the

channel capture formula5) to calcu-

late the desired cross section. This

simple formula is based on several

approximations shown by dashed line?

in fig. 1. The initial state is

modified slightly compared with the

specialized optical model wave func-

tion (dotted line). The final state

wave function is, however, modified

considerably compared with the opti-

cal model wave function. Neverthe-

less, the changes are such that the

final calculated cross section,

represented by .the square of the

radial integral, is quite similar

(but - 20% smaller) to that given by

the specialized optical model. For a

potential radius R = 4.57 fm and a

scattering length as = 4.90 fm (the

same values as those employed in the

optical model calculations), the

channel capture approximation yields

a cross section of 112 mb for the

6.421-MeV transition, compared with

158 mb from the specialized optical
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Fig. 1. Initial state and final

state wave functions, radial

integrand, and radial integral

calculated for the 6.421-MeV

transition in **1Ca. The solid,

dotted, and dashed curves "are

explained in the text. For more

details, see refs. *•) and 5 ) .



model approach, and 167 ± 2o mb from experiment. If one is prepared LO

treat the potential radius R as an adjustable parameter, the use of R = 4.94

fm, as = 4.90 fm in the channel-capture formula leads to a calculated cross

section of 167 mb for the 6.421-MeV transition in 4 1Ca. This value is in

exact agreement with experiment. I wish to emphasize here that in the case

of the light compound nuclides (those lighter than say the sulfur isotopes)

and in cases where the scattering length is much creater than the potential

radius, the routine and uncritical use of the channel capture formula is

not recommended5-7).

The excellent agreement shown above for the 6.421-MeV transition in 41Ca

(158 mb from the specialized optical model approach versus 167 ± 25 mb from

experiment) is not meant to imply that such good agreement exists for all

primary El transitions. What is true is that in several nuclides the

direct capture mechanism is the predominant one and that the remaining

discrepancies (usually small) between observation and direct capture

theory can be attributed plausibly to the much more complicated and

statistically oriented compound nucleus contributions from local levels.

An updated summary of these compound nucleus contributions has been

presented in ref. 5 ) .

3. Systematics of B(E2;01
++21

+) values*

We have recently completed an exhaustive compilation8) of experimental

results for the B(E2)+ between the 0+ ground state and the first 2+ state

in even-even nuclides. This compilation contains 1765 entries from 793

references, leading to adopted B(E2)t values for 281 nuclides and adopted

first 2 + state energies for 457 nuclides.

With this compilation as a starting point, we have tested the various

systematic, empirical, and theoretical relationships amongst the B(E2)+

values proposed by several authors on a global, local, or regional basis.

A detailed paper9) on these tests should appear soon and this paper

contains all the relevant references.

I wi11 focus on the deformed region. It is well known that in the

middle of this region the B(E2) values are much larger than expected from

the single-particle model and indeed help establish the very occurrence

of quadrupole distortion in nuclides. The large collective B(E2)t values

* Work done in collaboration with Bill Nestor, Jr. (Oak Ridge) and Kumar

Bhatt (Bowling Green).



(for the Dy, Er, and Yb isotopes, for example) are a consequence induced by

the dominant long-range quadrupole-quardupole component of the effective

interaction between the nucleons.

Nearly two decades ago, Hamamoto10) started with the idea that it is the

neutron-proton interaction that deforms the nucleus and suggested that the

deformation should be roughly proportional to NpNn where the valence number

of protons(neutrons) Nn(Nn) is defined as the number of particles below

midshell and the number of holes past midshell. According to th;s

suggestion, the B(E2)t values should be at least a quadratic fun.tion of

NpNn because B(E2)+ is proportional to the square of the deformation. The

B(E2)+ values in the deformed region are plotted in fig. 2(a) as a function

of NpNn. While thes<? values do not behave exactly as conjectured, they do

show a smooth increase and saturation.

Based on the SU(3) limit of the Interacting Boson Approximation (IBA), it

is relatively easy to show that the B(E2)t values should behave as

B(E2)t - (4.1xlO"5)A2/3 N1
2[Np+(en/ep)Nn]

2 , (1)

where 1̂  (in units of eb) and (en/ep) are adjustable constants. The

resulting predictions are also shown in fig. 2(b). The main point to

emphasize is that the physical parameter governing the B(E2)+ behavior is

[e pN p+e nN n]
2 and not NpNn.

While helping to understand the overall NpNn trends, the IBA SU(3) model

fails to explain the tendency for saturation of B(E2)t values at high

values of NpNn. To remedy this, we have resorted to a schematic single-

particle SU(3) model in which we simulate the 1 = 50-82 shell by an "sdg"

shell and the N = 82-126 shell by a "pfh" shell. The effective interaction

gives rise to intrinsic states with the maximum allowable quadrupole moment

in a shell. The resulting mass quadrupole moments have been tabulated in

ref. 9 ) . Inserting these Qp and Qn values into the expression

B(E2)+ = (1.0xl0"5)A2/3 N 2
2CQ p+(e n/e p)Q n]

2 (2)

leads to the calculated values shown in fig. 2(c). The behavior at high

NpNn values is quite different from the previous IBA case. In the single-

particle SU(3) treatment, the neutrons in the middle of the 82-126 shell are

filling orbits with small values of single-particle mass quadrupole moments

and therefore not causing any significant increase in the B(E2)+ value.

This treatment thus provides a natural explanation for the saturation in

the B(E2)+ values. The effect is even more dramatic in the case of the

actinides as discussed in ref. 9 ) .



F ig . 2. (a) B(E2)t values as a funct ion of NpNn fo r the f i r s t 2+ states of

even-even nuclei in the deformed reg ion; (b) The so l id l ines in t h i s f igure

connect B(E2)+ yalues for d i f f e r e n t isotopes ca lcu la ted according to the

IBA SU(3) model [see eq. ( 1 ) ] ; and (c) The so l id l ines now connect B(E2)t

values according to the s i n g l e - p a r t i c l e SU(3) model [see eq. ( 2 ) ] . For

addi t ional d e t a i l s , see r e f . 9 ) .



4. Heavy-ion-induced X-ray sa te l l i t e emission*

When an energetic heavy ion collides with a target atom, several L-shell

and M-shell electrons are ejected along with the K-shell electron. The

in i t i a l vacancy distr ibut ion of , say, the L shell is altered by vacancy

re f i l l i ng prior to ^ X-ray emission. What is seen at moderately high

resolution (» 7 eV at 2.3 keV) is a series of KLn sa te l l i te peaks where n

denotes the L-shell vacancies. The positions and relative intensit ies of

these peaks are influenced by the ligand environment, and such information

can be used to investigate the chemical state of a recoil atom in a solid

matrix. The above points have been discussed in great detail in a series

of five papers-1).

To advance the study of chemical effects in X-ray spectra as well as for

use in other research areas involving X-ray emission from a variety of

projecti le ions and targets, we have constructed a high-resolution, high-

eff iciency, position-sensitive-detector based, curved-crystal X-ray

spectrometer relying on a vertical-focusing von Hamos12) geometry. This

geometry d i f fers greatly from the horizontal-focusing, curved-crystal

geometries of Johann and Johansson which concentrate X-rays in the disper-

sive plane. We have instal led this instrument on a new beamline at the

Hoiif ield Heavy Ion Research Faci l i ty at Oak Ridge. We have made provi-

sions for project i le charge-state selection by providing a str ipping fo i l

and a small bending magnet at the beginning of the beamline. A brief

description of the von Hamos spectrometer and some performance charac-

ter is t ics have been reported by us recently1 3»1 4) .

The attr ibutes of this von Hamos spectrometer that make i t excellent for

ion-atom co l l is ion studies are: (1) high resolution so that individual

atomic transit ions can be measured, (2) high eff iciency which allows low-

probability events to be studied in de ta i l , (3) simultaneous collection of

X-rays over a wide bandwidth so that time-dependent effects l ike radiation

damage can be studied, (4) ease of operation such that minimum time is

spent on instrument adjustments, (5) versa t i l i t y of operation such that

a wide range of energy regions are accessible and in a variety of

configurations so that target and projecti le X-rays can be measured

taking note of Doppler shi f t ing yet minimizing Doppler spreading, and

(6) compatibil ity with accelerator ultrahigh vacuum environment.

Work done in collaboration with Randy Vane (Oak Ridge) and Michael

Smith (Yale).



Figure 3 show?, two recently acquired spectra from A] metal and

A12O3 excited by 84-MeV 5 i 1 2 f ions. We were attempting to observe

variations in these and other spectra from Al alloys and compounds

because third-row elements excited by heavy-ion impact had previously

shown distinct variations in the intensity distributions of the K aL
n

satellite peaks. The prominent features in fig. 3 include the intense K aL
n

satallites extending from Kai 2 at 1.487 keV up to the K absorption edge

at 1.56 keV; the low-energy, very low intensity structures lying below

Ka , labelled RAE and RER, which arise from two-electron, one-photon

transitions; the KgLn satellites which are highly attenuated by X-ray self-

absorption in the target; and the K ^ l " hypersatel lites which overlap in

energy the KgL" satellites. The relative differences in the near binomial

K^Ln intensity distributions Are small and the reasons for this chemical

insensitivity are not yet fully understood.
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Fig. 3. K X-ray spectra from thick Al metal (top) and A12O3 targets

excited by 84 MeV S i 1 2 + ions. The spectra shown were assembled by joining

two separately acquired segments at the Al K-absorption edge. The low-

energy segment (RAE, RER, and K^L") was acquired in 10 minutes using a

2 pnA ion beam. The highly self-attenuated, high energy segment KgLn and

K^L" required about 40 minutes. Similar times were necessary to acquire

the spectra for AI2O3, shown offset below the Al data.



S im i l a r l y , the low-energy RER and RAE features (see f i g , 3) show l i t t l e

var ia t ion wi th chemical environment. The greatest di f ferences occur in the

KBLn + Ka2'-" r e 9 i o n between 1.56 and 1.75 keV, where the KgLn component is

almost completely absent in the oxide spectrum. The d i f ference in the

re la t i ve y ie lds of KgLn X rays in aluminum metal and aluminum oxide is the

f i r s t strong var ia t ion observed in heavy-ion-induced X-ray spectra for

these t a rge t s . This va r i a t i on must resul t from dif ferences in the degree

to which M-shell electrons (which are necessary for Kg t rans i t i ons and

which electrons are almost ce r ta in l y a l l i n i t i a l l y ionized in these v io lent

K-vacancy forming c o l l i s i o n s ) are reestabl ished in the metals and compounds

wi th in the Al K rad ia t ive l i f e t i m e of approximatively 10~15 seconds.
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