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upconversion of longer wavelength radiation incident upon isomeric auclear -
populations that can avoid many of the difficulties encountered with

traditional concepts of single photon pumping. Recent experiments have .
confirmed the general rfeasibility and have indicated that a zamma-rav laser
is feasible if the right combination of energzv levels and branching racios
exists in some real material.~ Of the .886 distinguishable nuclear materi- ..
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I /NTRODUCTION

Upconversion in the Nucleus

At the nuclear level the storage of excitation energies in the
Mossbauer range of 1-100 keV can approach tera-Joules (10:2J) per liter
for thousands of years. Over the past seven years, our research group
has described'"!® several viable means through which this energy might be
coupled at will to the radiation fields while maintaining the natural
Mossbauer width. In such cases the cross section for stimulated
emission around 1A could reach 107! cm?, an order of magnitude more
favorable than the value for the stimulation of 1.06 um from Nd:* in
YAG. The successful release of such nuclear energies in this way would
occur at the rate at which resonant electromagnetic radiation passed
through the laser medium and could lead to output powers as great as 3 X
104t Watts/liter. This is an astronomical level of Intensity and has
not been approached to within five orders of magnitude on earth by any
means previously. The peak power from a one liter device would repre-
sent 0.03% of the total power output from the sun.

Unfortunately, the quest for a gamma-ray laser has been one of the
longest unfruicful efforts in the field of laser science. Virtually all
of the sustained pioneering work was done by Baldwin and Solem’s groups
in the US and by Gol'danskii’s in the USSR and focused upon the single
photon, brute force approach to pumping. Their work dealt extensively
with concepts involving the use of a neutron flux for pumping the laser
medium, either in situ in real-time, or as a preparatory step to be
followed by a rapid separation of isotopes within their natural life-
times. All proposals were concluded to require infeasibly high levels
of particle fluxes to pump the inversions, exceeding even those avail-
ible from nuclear explosions, and to require neutron moderators having
virtually infinite thermal capacities. By 1980 all conceivable variants
of the single photon approach had been characterized as hopeless. In
1381 this "traditional" approach to a gamma-ray laser was virtually
abandoned with Baldwin’s publication of the monumental review:  of all

classical efforts.
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The involvement of our UTD Center for Quantum Electronics dates
back to 1978, arising from previous activity focused upon fundamental
interactions of coherent radiation with matter. Concerned at first with
the problem of the correct gauge and basis sets to use in describing
multiphoton processes, we began to consider the impact of the work upon
areas other than the wusual atomic and molecular. As a result, the
modernized concept of coherent pumping with optical radiation was
introduced in a sequence of papers!”’ concerned with nonlinear processes
mediated by wvirtual states of nuclear excitation and included the
stimulated anti-Stokes scattering of intense but conventional laser
radiation.? The theoretical treatment served ¢to estimate matrix
elements for a new class of two-photon Mossbauer transitions making
possible, in principle, the frequency wupconversion of optical laser
photons to gamma-ray energies.

In 1981 the implications of this theoretical renaissance to the
prospects for a gamma-ray laser based on several variants of upconver-
sion were reviewed in an article? appearing the following vear. If
strengthened by recent infusions of dressed state theory,:® :® that
article still provides the most convenient review of the basic concepts
and requirements for a viable gamma-ray laser schene. Subsequently
tested in a series of modest experiments, the underlying concepts were
confirmed by demonstrating®!2 that the matrix elements used to obtain
the favorable estimates of the threshold for laser output were correctlv
escimated and that extremely large ferromagnetic enhancements of the
effective powers applied in the coherent pumping scheme can be obtained.
The conclusion from t.ese experiments was chat the gamma-rav laser is
deflnitelv feasible Ir a sufficientlv ideal isotope exiscs in reazlizv.
This is the single most critical issue to the development of a gamma-ray

laser--the identity of the most nearly ideal candidate for upconversion.

Despite the many applications of beautiful and involved techniques
of nuclear spectroscopy, the current data base is inadequate in both
coverage and resolution either to answer the question of whether an
acceptable isotope exists or to guide in the selection of a possible
candidate medium for a gamma-ray laser. Two new techniques for the
measurement of nuclear properties with laser-grade precision have been
recently introduced in our laboratory.:¢ The full implementation of
these techniques has been at the focus of efforts applied during this

first reporting period. Detailed in the following material will be the
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construction and evaluation of a flash x-ray device for pumping test
materials and a Frequency Modulation Spectrometer (FMS) to racilitate

the search for certain necessary arrangements of nuclear levels.

Theoretical Context

By involving two distinct steps, the schemes we have discussed?® for
pumping a gamma-ray laser avoid the severe relationships between storage
times and spontaneous powers wasted at threshold that were imposed on
the single-step processes.-’ Replacement power that is required falls

within a technically accessible range avoiding damage to the laser
medium.

These two-step, upconversion processes can be divided into two
basic categories that correspond to the <type of pumping emploved:
coherent and incoherent, as shown in Fig. 1. The critical concept here
is that either trunsfers the stored population to a state at the head of
a cascade leading to the upper laser level. To be effective the pumping
processes cannot transfer too many quanta of angular momenta from the
fields, and the cascade provides a mechanism for further changes that
may be necessary to reach the laser levels. Then the ultimate viabilicv
of these pump schemes will depend upon:

1) spectroscopic studies locating a suitaple configuration of
nuclear energy levels, and

2) "kinetic" studies providing an ef
from the intermediate or dressed s
level.

ient path of cascading
e t©o the upper laser

A recent variant to the scheme for pumping incoherentlv with flash
x-rays must be mentioned in passing. In it the transfier from storage to
intermediate level is assumed to be excited by the direct coupling of
energy from giant collective oscillations of electron shells driven by
laser radiation focused to power densities comparable to binding
energies. While the magnitudes estimated for the gross rates of energy
transfer into the nucleus are encouraging, the lirely dominance of the
inverse process suggests that little net transfer could be realized.
Once correlated motion of a shell is established, unless strong process-
es dephasing the motions of individual electrons are introduced with
attendant losses, free induction decav at the end of the pulse will
extract the energy back from the nucleus into the rfields. This could

only be avoided if some super-allowed transition in the nucleus were
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assumed to quench the excitation to a lower uncoupled state, but then
this is tantamount to the assumption of a type o. previously unobserved
nuclear transition of very high width. While it 1is too early for
definitive resolution, it is unlikely this recent pumping variant could
prove effective and the most likely prospects remain confined to those

shown in Fig. 1.

Figure L: Schematic diagram show- PARENT

ing the energetically excited lev- ISOTOPE +n ——— HIGHLY

els of a typical nucleus of inter- ,— — —> EXCITED

est to the development of a gamma- | LEVELS

ray laser. Lifetimes of the stored

energies in the isomeric level pro- >

duced by the initial capture can Q

range tfrom davs to hundreds of < _— CAPTURE
vears. The first phase of the two- T RADIATION
step process for the stimulated re- K NEAREST

lease or the stored energy is shown (3§ INTERMEDIATE

in the figure by the solid arrows. X LEVEL N

Both correspond to the wuse of W (| fetime < JU VIRTUAL
longer wavelength radiation to lift W~ ) !\ij“-if;nT—-“;EVEL

a nucleus rrom the storage level to S MSec as —ISOMERIC
a higher level of excitation that P~ STORAGE
nas a much shorter lifetime. The X ‘2 - LEVEL
arrow marked (1) illustrates cthe © =

incoherent pumping of the storage % -

level through the absorption of an L

x-ray that is resonant with the en- E :7 N SUEPER c
ergy separation between the storage LASER LEVEL
level and the next higher level orf

proper svmmetry. The arrow marked LOWER
(L represents the alternative LASER LEVEL

process Of coherent pumping through
the non-resonant absorption of a
photon from the radiation field in
order to <create a virtual or
dressed state of excitation shown
by the dashed level in the figure.
In either case the gamma-rayvy output
ultimately results from the upper
laser level populated bv a cascade
occurring 1s a second step, as
shown 1in the figure by either ot
the double arrows, (2) and (2').

Because of the interdisciplinary nature of the problem, even for an
idealized nuclear material, computations of threshold levels of pumping

are not without difficulty. It is useful next to review these fundamen-

tal concerns within the context of the nucleus.
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larized radiaction with matter leading to stimulated emission can be

generally expressed (even for nuclei),
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where A is the Einstein coefficient ror spontaneous emission and g(v) 1is
the normalized lineshape function for the transition attributed to the
mactter,

g(./)d;/ = 1. (:)

<

Approximating

o) = L/v,

N
)
~

where .. is the absorption bandwidth, we must recall that the ac:tual

maximum of g{v) iz onlv 2g.../7

One intrinsic advantage or gamma-rav Iinteractions is chat at che

nuclear level the width Lo is often just the transform of the radiative

liretime. In those cases the Mossbauer erfect eliminates recoil and
with it problems of thermal motion and Doppler broadening. This natur
width gives,

vo= A/ ()

Substituting Eq. (%) with Eq. (3) into Eg. (1) vields the 3Breit-Wigner

.

Cross section for stimulated emission,

;o= /8 5)

a wvery large value, even at lA. The strongest homogenecus b>roadening
erfect has not vetg

process will Limit access to these benefits, but this
been observed experimentallv. Gamma-rav tran
have natural widths down to instrumental limits as small as 10° Hz.

Las T LIl e Jown IO 1T Leis’” et T D Sailol dss el -

o estimate requirements Ior the incoherent pumping orf populations
an upper laser level through absorprion of

incident x-ravs, one further complexity must be introduced. As shown in

Ty
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Spontaneous c di Cg:ltveerrr;ai‘on
‘., i ascading
Intermediate Emission
: Level —* / !
"ABSORPTION]
» Upper laser level — '
l: Figure 2: Schematic diagram of both essential and
- competing processes involved in the pumping orf an upper

2 laser level in a nucleus.

7 . . . .
o Fig. 2, both cascading and internal conversion are accommodated by
"‘ . - - I3 o - ol -
. transition rate coefficients scaled to the A-coefficient by factors
}:: and a, respectively. As a result, the total width for absorption
. becomes
A= (L +a + I)A/T, (6a)

while the cross section for absorption is reduced accordingly,

g =0 /(L +a+ 7). (6b)

Even with broadening, since the width for a nuclear transition is

h\ . :

Vo so much more narrow than the width for any structure in a non-nuclear
> ]

R source of x-rays, the pump must be considered to be a continuum. As a
T result, the rate of pumping concentration from the initial state is

proportional to the product, o¢lv of the terms from Eqs. (%a) and (ob?
and is independent of a and - (providing brecadening is less than 10--13- _

so that o 1is not reduced below the cross section for photoelectric

. absorption by the electrons in the material). g
Awm
G The consequent effects of broadening on the production rates or
»,o . B . -
< concentration in various levels at the incident surface of the material R

is summarized in Table I.

Assuming we pump with both polarizations, a total concentration N o
can be pumped in the upper laser level,

'?“#” {quﬂ
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G (l+a+s)

where N, is the concentration of absorbers, and F(v.) is the photon flux
per unit frequency averaged over r,, the lifetime of the upper laser
level. As customarily used, A is summed over the degeneracy, Z. of the
final states and averaged over 2, initial states so that the Breit-Wign-
er cross section rfor absorption must be modified from Eq. (5) through
multiplication by (Z2./Z,). With that modification, Eq. (7) is entirely
consistent with the customary expression for the Mossbauer cross
section, as usually expressed when it is recognized the latzer describes
absorption of a narrow line as opposed to continuum.

Table I

Effect of internal conversion and branching upon production rates of
concentrations of levels shown.

Level Score Effect Jomment
Intermediate LOSE Same production Lifetime over which pump
rate rate can be intezracted
is rocuces o 00 -a--
Upper laser WIN Production rate Usable pump duration is
level reduced by increased up to . the
R R lifetime of the upper

laser level.

Threshold Estimates

The critical concept in the design of a gamma-ray laser pumped by
incoherent x-rays is the realization that in Eq. (7) the width-lifetinme
product, Ar./rm can be made much greater than unity. In such a case,
population from the storage level 1is funneled through a broad, but
short-lived level to a longer-lived laser level for subsequent stimula-
tion. The threshold requirement for the pump flux can be estimated by
simply equating the gain contributed by the population pumped according

to Eq. (7) with the loss from nonresonant photoelectric absorption-:

from the matrix {nto which the nuclei are diluted and from the diluent.
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In 1982 we published® the details of a basic modeling study
incorporating this bandwidth funneling in an 1idealized nucleus. The
resulting threshold requirements were accessible to existing technology
and were revised even lower with the incorporation of the Borrmann
effect, as described at last year’s ILS conference!l. For the output
transition, the Borrmann effect allows the development in a crystal of
standing waves of such quadrature that coupling to nuclei is enhanced

while coupling to electrons is minimized.

Because of recent conflicts in "Private Communications" the actual
quantitative level of the enhancement from the Borrmann effect upon
threshold requirements is uncertain and the results of last year:® must
be given a larger variance. Current results of the application of Eq.
{7y to idealized nuclei diluted to 0.04% concentration in a Be lattice
and arranged only for output along a Borrmann mode at 10keV are as
tollows:

1) Threshold Fluence - 100-300 J/cm?/0.1%BW/lifetime

2) Temperature Rise - 100-300°C.
Specification of the fluence per unit bandwidth in terms of 0.1% of the
transition energy, as shown, 1is a convenience as it thus roughly

corresponds to the fluence within the natural width of an x-ray line.

Estimates of both threshold fluence and temperature rise are
extremely sensitive to actual material characteristics. Once the proper
nucleus is identified, considerable further improvement is possible.
This can be appreciated from the schematic reproduced in Fig. 3 for a
tvpical, but hypothetical case:’. There it can be seen that the major
part of the pump line that is wunavailable for nuclear absorption is
deposited into the material through the ejection of photoelectrons from
a much thicker layer than the one in which the nuclei are pumped. The
estimate of temperature rise of 100-300°C. assumes full conversion of
the photoelectron energy into heat, but the medium could be layered to
permit escape of the primary photoelectrons, thus reducing considerably
the temperature rise. An optimal configuration can be arranged once the

specific characteristics of the best candidate nuclei are known.

Coherent pumping, the technique depicted in the right of Fig. 1,
depends upon the alteration of the properties of the storage level
produced by the scattering of large intensities of long wavelength

radiation from the nuclei. Again the distinction must be made between
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this approach and the recent suggestion to use laser radiation to drive
collective but localized oscillations of electrons near nuclei. The
concept we address uses coherent, long wavelength radiation to drive the
non-local correlations of the electrons manifest as well-known phenomena
of magnetization or ferroelectric polarization throughout the bulk of
the material.

In ferromagnetic and ferroelectric hosts the active nuclei are
immersed in extremely large fields capable of developing substantial
interaction energies across a nuclear volume when switched by relatively
modest applied fields. If transitions to the storage level exist in the
nuclei at energies comparable to that of a photon of the driving fields,
the properties of the other state of the transition will be mixed into
those of the storage lLevel. It is assumed that this other state is
better able to radiate . amma radiation. While the driving field need
not be precisely resonant with the transition energy, the detuning, .E
from rescnance must be comparable to the interaction energy irf proper-
ties are to be fully mixed. In such cases, the mnetastabilicy of cthe
storage level against gamma-ray emission is switched off by the admix-

ture of properties from the other state of the low energy transition

Thermal Economy

!
| Nuclear Pumping 3.1 J/::m3 ;/\
in a layer of 8.4 um /
Concentrate Diluant
156 J/cm3 156 J/cm3

in a layer of 8.4 mm

AT. 75°C

Figure 3: Schematic diagram of the thermal economy of
the scheme for pumping a gamma-ray laser with broader
band x-radiation. =]
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being driven. It is this concept which comprises the foundation of the

scheme for coherently pumping a gamma-ray laser.

While precise computations of the threshold for coherent pumping
are not vet available, estimates from perturbation theorv® -° suggest
that the threshold requirements in idealized cases are cc-narable to
those presented above for the case of incoherent pumping. The principai
dirficulty in this case is that, again, estimates are extremely sensi-
tive to material specifics. For coherent upconversion to be viable, a
real nucleus must be found with two accidentally degenerate levels, one
being a long-lived isomeric state. Such a combination would be conm-

pletely 1invisible to current techniques of nuclear spectroscopv.

Critical Experiments

Under the idealized conditions discussed above, the part of the
pump energy which must be supplied in sicu would not be large enough to
represent a major impediment to the realization of a gamma-rav laser.
The real dirfficulties take peculiar forms. The use of coherent upccn-
version would require the location of nearly degenerate levels which
could not be resolved by conventional techniques of nuclear spectrosco-
py. The use of incoherent pumping with x-rays would require a level of
knowledge about branching ratios and transition probabilities bevond
that available from current methodology. In fact, the paucity of
laser-grade data describing nuclear properties is so severe that one
cannot say which real isotope represents the best approximation to the
ideal.

For lifetimes ranging from seconds to infinity there are 1886 real
nuclei to consider as candidates for a gamma-rav laser. Our conmputer
based searches of the existing data base have served to identifv 23
first class candidates. Of these, 10 are known to have the necessarv
{(but not necessarily sufficient) arrangement of levels in which there is
an isomeric storage level and at lower energies: 1) an upper laser

level with lifetime between 1 nsec and 10 usec, and 2) a lower laser
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level of even less energy. For these materials, the applicabilizv orf

the favorable threshold estimates will depend upon:

1) spectroscopic studies locating a suitable intermediate or
scattering state to which transitions can be made from the Isomer
and

2) "kinetic" studies providing an efficient coupling I
intermediate or scattering state to the wupper laser

To meet this need for laser-grade data on nuclear propertiess we
recently introduced-- -® analogs to the powerful techniques for wevaluac-
ing spectroscopic and kinetic properties of atoms and moleculzs a

optical wavelengths. These are shown schematicallv in Fig. =.

KINETICS " SPECTROSCOPY

mm! E . | Tune Nere
=T—® el
Look here

FRECUENCY MCLOULATICN

NUCLEAR DOUBLE RESONANCE SPECTROSCCPY
JUST BEGINNING UNDERWAY SINCE '582

Figure 4: Schemati. represent: ar ana.oas
of the optical double rescnance ctrosconic
methods that have served so efre 1d 1 laser
related data base rfor atomic ical ener
gies.

Essential to the success of the dcuble rescnince exverinments 1o “he

accessibility of a source of pulses o¢f X-ravs Of nuancseconds duration

that is wverv powerful in comparisen with conventional

from the pump of 10:° keV,/keV of bandwidth i5 needied in 1 re:,onall
brief working period. Either laser plasmas or >ooan
do this in a single shot, each orf which rejuires about an hour o

laboratory time to prepare; but costs are verv high. A5 3 result. none
of these traditional light sources r->r th2 subAngstr.n

used to ccmplete an evaluation orf the 79 most atsraictive mat.erd

before the turn of the centurvy

In the following section we dezail the T L0 Twoenr  oce, el wi i
crototype flash x-rav dewvice--, FALIIN which can enic 2 W avera,s |.we?
near 0.5A. A Blumlein driven Jdevize, {t aprarentiv . no 0 tho irue
which i3 not choked at the onrtput dicde. Feaseonable -arning o 1o
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line allo~s pulse durations to be as short as 20 ns c with peak powers
reaching 150 kW. About one-third of the pulse energy appears in the X,

lines of the anode material, meaning that at those particular energies

ol outputs approach the design objective orf the ALS synchrotron conrigured
"l with the 13.6 wiggler, as shown in Fig. 5. Linewidths from FALCON and
a0y the ALS with wiggler are comparabile, but of course the ALS output is
;f collimated and tunable to any energv within the envelope while lines
b rrom our device are rfixed at the K-line energies of available anode
" materials. However, costs of our table top device are three to four
( orders of magnitude less and rfor the illumination of extended absorbers

. it orfers an interesting alternative to the more conventional sources of
2 X-ravs.
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The other new technique or Fig. 4 preserves the high resolution
1spects of Mossbauer spectroscopy but replaces the mechanically generat-
ed Doppler shifts, conventionally used for tuning, with sum and difZer-
ence frequencies generated by a mixing process. A computer controlled
frequency synthesizer sweeps a radiofrequency used to switch intense
magnetization in a host material into which the test nuclei are diluted.
Tunable sidebands generated on the intrinsic gamma-ray transition then
replace the Doppler shifted lines as probes.

The first spectrum from such a continuously tuned Frequency
Modulation Spectrometer (FMS) is shown in Fig. 6 to be unexpectedly rich
in detail. Not a laser candidate but a simulation, °*'Fe was used in
this demonstration. Shown in absorption are resonant structures rrom
expected states in the lower panel together with unexpected surZace
states, vet to be analvzed. Widths of the lines are not instrumental
but rather reflect the transform of the lifetime of the final state or
the nuclear transition at 14.4 keV.

Detailed review of both new experiments is presented in the follow-
ing sections and testifies that momentum is building in the development

»r new technology necessarvy in the search for the best candidate

material for a gamma-ray laser.
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e THE SCALING OF FLASH X-RAY DEVICES =

F. Davanioo, T.S. Bowen, J.J. Coogan. and C.B. Collins

Motivation

The developing availability of synchrotron light sources has
stimulated many areas of research requiring pulses of radiation in the
x-ray region. Average x-ray powers can now be great enough so that many
experimental responses can integrate above the noise in reasonable
working periods. Unique features such as the collimation of the output
seem co render the synchrotron irreplaceable for many applications.
Nevertheless, the 1imbalance between demand and the supply of such
facilities motivates the development of alternative sources for at least
some of the applications which do not need all of the distinctive
features of the synchrotron. One such application of wvital interest to
the gamma-ray laser project lies in examining the nuclear fluorescence
trom candidate materials irradiated by x-rays in the 1-100 eV range of
energies.® Since we are using extended absorbers, collimation is not
important. For us the essential figure-of-merit lies in the average
x-ray power emitted over the bandwidth of interest in pulses of duratic

orf the order of 10 nsec or less.

While both laser plasmas and large e-beam discharges offer a.zerna-
tive solutions to the need for maximal emitted power in the x-rav
region, those also are large and expensive devices requiring complex
supporting facilities. A first major step in the realization of a
lLaboratory scaled, pulse x-ray source was the Blumlein-driven generators
of Bradley<’ and co-workers.-* For pulses as short as 1J0 nsec the
device performances have succeeded to the point limired bv fundamental
considerations,<’ < while the apparatus remained portable and self-con-
tained. Nevertheless, those generators, together with the laser plasmas
and e-beam devices, were characterized by wvervy low repe-icion rates
which would necessarily limit their usefulness in experiments dependent

1pon the integration of responses that occur with low probabilities.

Recently we reported<- a further step in the realization of a

iaboratory scaled alternative to the svnchrotron for some applications.
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We described a Blumlein-driven x-ray diode for which impedances had been
controlled to yield output pulses of about 10 nsec duration with
reasonable efficiency. Moreover, commutation was effected with a
hydrogen thyratron so that operation to high repetition rates could be
v realized. At 100 Hz an average x-ray power of 35 mW was reported. Here
. as a result of first quarter activities we describe the scaling of this
. type of device to yileld 300 mW of x-rays while retaining its table-top
) aspects. For comparison, the design objective?’ of the Advanced (syn-
-~ chrotron) Light Source, ALS, is to produce an x-ray power integrated
. over all wavelengths of only about one order of magnitude more. Thus,
it seems that unless the unique advantage of collimation 1is essential to
Lo a particular application, the laboratory scaled system we designed
\ specifically for our application can offer attractive support for many
~ other experiments that would otherwise require the availability of a
synchrotron.
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Device Design and Construction

) As described in our previous report,?® the design of our flash
x-ray device centers around three critical subassemblies:

: 1) a low-impedance x-ray tube,

. - 2) a Blumlein power source, and

> 3) a commutation system capable of operation at high repeti-
\ tion rates.

This basic organization was shown in our first report®s in a schematic

. . that 1is reproduced in Fig. 7 for convenience. Elements (2) and (3)
. differed little from drivers we had developed earlier for short pulse
. nitrogen ion lasers.?®
] -'N‘
o
For the initial investigation of the scaling of this flash x-rav
device to higher powers, two larger systems were constructed: one with a
o nominal, 1.8Q line capable of storing about 7J, the other with a 0.830
. line stcring 8J. Because of the thicker dielectric laver giving the
LY
- larger impedance, the first was capable of routine operation at higher
's voltages. In both cases the Blumlein was constructed rrom nassive
. copper plates, potted with epoxy on outer surfaces to reduce corona, and
s separated by layered Kapton (polyimide) dielectrics. In operation, the
N g middle conductor was charged to a positive high voltage which could be
] varied to 30 kV and commutation was effected by an EG&G 3002 hydregen
! thyratron mounted in a grounded grid configuration. The average
i}
: - TABLE II
S - - : . - - ;
AT Comparison of the dimensions and parameters of the Blumieins in the
y three devices used in these scaling studies.
{ -
SR Svstem 0 A ("scale 0.33") 3 "EXRAD")
A Dielectric Layered Kapton Lavered Kapton Lavered Kapton
e and epoxy and epoxy and oil
Vo
Thickness 0.66 mm 0.69 mm 0.28 mm
Lo C(storage) 3.2 nF 7.2 nF 9.5 nF
' C(switched) 3.5 nF 8.7 nF 3.1 nF
L Line impedance 1.8 4 1.8 & 0.85 ..
3 Transit time 5.5 nsec 11.4 nsec 6.3 nsec
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available input power was sufficient to support operation to a 100-Hz

repetition rate in most configurations. Comparative values of line
dimensions and parameters are summarized in Table II together with a

description of the earlier system ir the first column.

Charging of the Blumnlein was accomplished with one of two alterna-
tive svstems, a d.c. power supply or a resonantly pulse charged source.
The latter configuration is shown schematically in Fig. 8, together with
a typical timing sequence of operation. Advantages accrued to the
pulsed charge system because it was physically more compact and because
of the lessened duration over which high voltage stress was applied to
the Blumlein insulator. However, with either power supply the integrat-

ed x-ray device could be operated to 30 kV in air in a table-top mode.

With emphasis on obtaining a singularly low inductance input to
electrodes designed to give a filamentary source of radiation, the x-ray
tube was constructed from cast materials, selected to minimize erosion
and maximize heat transfer. Copper foil strips 0.05 mm thick and 10 cm

wide were fastened to the electrode mounts and were then passed through

— 2, _5E

t2155E9

SEnEIAT2R[ PR
—— 448
—_— .
= >~
T 2 =
——— - - —_— —_——
Seae Lo Za —
wasTER e p———
- A > wER
M NG e
= ..
= = -
2 -
N [ P S )
i385 TTTTT T 7 T T o -es
L B _—
AR N
- | | - "
“anE . - ©
o . . -
— - .
ML
g i l
R
i j \
.
Figure 8 Resonant pli3e [OWer sSupp.v
. 3 N T o) - el N
the Blumiein {n these exgeriments The

tvpical timing seguence and the re_ationship
various events essentia. in the device ¢ o




or
a
s
(¥
17
s

3

macerial forming the base of the x-ray head berocre It hardene
After emerging Irom the base, the foils were :oined to the outermost

s of the Blumlein. In cthis wav anv constriction

oL the path of the discharge current between and the

zhat earlier svstem the anode had been cast directly into the materia.

forming the base to facilitare passage of the Ionnecting foil threough

the Dbase In that desi e a S

=2xpendable component and the cost of constructicn was 1ow 2nough ¢
hat conception. However, a recent relinement of oblecctives has

created a potential need o

necessary to develop the capadility shown in Fig. 7 Zor the interchange-
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N disposable version, it consisted of a strip of 0.38l-mm-thick graphite
-::} further ground with a blade-like edge 10 cm wide and separated from the /-::.
:.\ anode by a variable distance chosen to optimize performance. The
N electrical length of the strip was selected to give a resistance that -
‘. was comparable but below the line impedance in order to assist in ‘
\‘::: damping the ringing of the discharge current at times subsequent to the ¥
_\_::: initial pulse which produced the x-rays. The position of the line of ~
::‘,{ intersection between the midplane of the current sheet and the anode ,j:j
Y o surface proved to be an important parameter most probably because of a
“J potential compensation between the angular distribution of the emitted :‘_::
,’~j:.‘ x-rays and the possible shadowing effect of the body of the anode rod
:_: for some relative positions. To optimize this geometry shims were .
_1;. inserted to raise the cathode blade in order to maximize the output. J
-
ot
D The discharge space was enclosed by a pressure shell, also fabri-
‘.._-'_ cated from cast materials with an integral window of 0.076-mm-thick
::':.j Kapton plastic film. The window aperture was covered with a graphite
". plate 0.127 mm thick to eliminate the emission of visible and UV light. g
‘-‘.‘ Even with the cast construction and ready access to internal electrode [
::: spacings, operating pressures below 3.0 mTorr were routinely maintained .
:_: with a small mechanical pump. Performance was not noticeably dependent ;:j
::: upon the residual pressure in the x-ray tube unless it rose to approach >
:i 10 mTorr, a value near which outputs were abruptly quenched. ¢
D ~
~,
N, Operation
-
:\: Precise measurements of time-resolved voltages and currents were .
;“ rendered difficult by the extremely low impedance of the Blumlein and byv -
- the commutation of the thyratron in a grounded grid configuration on -
; this particular decade of time scales, 1-20 nsec. With resonant pulse
charging of the Blumlein it was possible to shunt the x-ray tube with a -
voltage divider constructed from a tapped water resistor of a suffi- o
ciently low impedance around 200, so that meaningful measurements of
":.:, voltage as a function of time could be made with limited radio frequency :‘.
':.- interference (RFI). Sampled voltages were suitably attenuated upon *
-:. entry into a heavily screened room where they were recorded with a -
:-:. Tektronix 7912AD transient digitizer. Precautions notwithstanding, ;i
-y there remained sufficient RFI to introduce triggering jitter of about -
::C %10 nsec whenever absolute timing of signals was attempted.
-
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Operation generally produced the switching waverforms of voltage
expected of such Blumleins<® with the charge voltage and the discharge
gap separation emerging as the two most critical experimental variables
Figure 10 shows the dependence orf the voltages measured across the x-rav
diode as functions of time for the various spacings of ancde to cathode
indicated there rfor a charge voltage of 22 kV. In contrast to =2arlier
impressions,* it can be seen in Fig. 10 cthat significant wvoltag=
multiplication does develop before enough current is discharged cthrough
the x-ray diode to limit further ringing of the wvoltage to even higher
values. For electrode spacings producing usezul amounts of x-ravs zhe
peaikk voltages typically reached wvalues of 1.3 to 1.5 times the charge

voltage originally applied. Also seen clearlwv in Fig. 10 {5 the =xzen

VOLTAGE . IMPROVED MATCHING

MULTIPLICATION - DIODE TO LINE y
300
ELECTRODE SP. (mm) EXRAD ——
, 030 — > scale 033 — |
0 1 056 — | 3 FALCON —
> 081 — \—1// =
=X
W CHARGE < | Jamet '
2 | VOLTAGE / &
— + = S
ES 20 = K / - L f -
= Lu;j) I / : /’, ! .
LU | 3‘ 700 ’_ ”’{ ‘/'/ ,
S & Johnson 7 .
ES / > | //////”// f‘ :
& A ‘ ’
0 ] ! ’ ' ‘ 3
> B | :
0 YL (&>
R — (01 2 7 !
0o 25 50 75 100 205

TIME (nsec! LINE IMPEDANCE ()
Fizure 10: Yoltages  measured Figure 11: Combinations of Z2lunm- .
across the electrodes of the x-rav lein impedance and x-rav pulse Jdu- =
1iode driven bv s3vstem 3 as func- ration displaved by devices con- by
tions of time for the wvarious spac- structed in this quarter. For com- -3
ings of anode to cathode indicated. parison the soiid lines plot the -
Charge wvoitage of cthe Blumlein be- ranges oOf parameters spanned by N
fore commutation was 22 kV. earlier sources described in the .
review of Rer. 27 h
21 :
.J‘._.f,-:;-'\‘-:;-:.,. PR - e T T ‘ L S ."-i’;':-']:-'-f. ".:: :';‘:‘:Z



Ae ade ai it et dias - alla o v g pae. oV S _fa® v M v\ oTwoY v Y L) S Al A Sav, in’ Satubs  as= okl

-

. K 2w
Rl e
.E‘ "

NCQQ1l4-86-C-2448

UTD #24821-364
ERTELL LT el

P

Oy

A

Jei

to which smaller discharge gaps facilitate the earlier initiation of the

:

"switching” portion of the waveform during which the multiplied voltage

s

is rapidly falling and as the current is presumed to be rising. 3
In contrast to earlier pulsed x-ray devices described in the ?!
literature,<’ the systems we report are apparently the first not choked o
at the head. The extremely low profile of the x-ray diode resulted in -
an efrective impedance of about 1-20 at the frequencies characteristic :;
: of those in the voltage waveform. Thus, the diodes were reasonably )
e well-matched to the Blumlein during the most important part of the -
:ji: discharge of the current. As a result, the output pulses were found to j:
:i% have durations comparable to the transit times of the lines, an aspect
:j:: not seen in previous devices. In fact, the combination of pulse i:
".""*'i duration and line impedance represents entry into a new region of -
o3 parameter space, as shown in Fig. 1l1.
4
;.i X-ray outputs were detected with three different systems. Measure-
*i;l ments of absolute pulse energies utilized a moderately fast scintillator .-
' plastic equivalent to NE114 with nominal 7.0-nsec decay time. The ii
resulting light output was detected with a photomultiplier having
l.5-nsec resolution and integrated with an EG&G/Ortec charge sensitive jﬁ
preamplifier. <Calibration was obtained by comparing the time-integrated o
fluorescence from the plastic detector when illuminated with geometri-
cally attenuated x-rays from the flash source directly with the level of !3
excitation produced by a radiocactive source of known characteristics. :
This technique was used to determine the dependence of the total "
energies in the x-ray pulses as functions of the important experimental o
variables.
=
More direct measurements of the time dependent evolution of the g
output intensities were made with the other two detector systems. In ]
one the scintillator in the above system was replaced with a faster ib
piastic equivalent to Pilot-U with a nominal 1.36 nsec decay time and -
the photomultiplier anode signal was {nput directly to a Tektronix R
T912AC0 transient digitizer. Numerical deconvolution was subsequently }}
emploved to remove the combined time constants of the photomultiplier
and plastic. Attention to the reconstruction of the baseline after ::
deconvoiution enabled an empirical time constant of 3.5 nsec to be ¢
identified as being the most probable value in reasonable agreement with -
NEs
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the sum of the manufacturer’s specifications cited above. Confirmation
of the temporal dependence was obtained with a Hamamatsu Type S1722 PIXN
diode with 1 nsec risetime connected to the Tektronix 7912AD digitizer
without preamplification. While this last system proved preferable for
the study of the dependence of the relative intensity upon time,
long-term drift of the rather low sensitivity together with the absorp-
tion in the window made it difficult to use for the routine determina-
tion of absolute intensities.

Figure 12 shows the results of a typical measurement of the output
intensity as a function of time from system B that was made with the PIN
diode, cross-calibrated with the scintillator plastic to obtain the
absolute scale of intensities. Comparable data taken entirely with the
scintillator/photomultiplier combination agreed completely with such
data but displayed a greater level of noise. Seen clearly in Fig. 12 is
the comparable effect on x-ray output seen in Fig. 10 for the voltage
developed across the x-ray diode. Operation with smaller separations

between anode and cathode resulted in earlier termination of the period

Figure 12: Tvpical dependence ot
ADJUSTABLE output x-ray power emitted by syi-
tem B a nction or time ror the
X‘RAY PULSE DURAT’O di;}fer:rft eizctrode spacings shown.
Charge voltage of the Blumlein was
22 kV.
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during which power was effectively transferred to the load at a suffi-
ciently high voltage to accelerate electrons to the energies needed to

excite x-ray emission from the inner shells of the atoms of the anode
material.

Figure 13 shows the relative times at which switching and x-ray
emissions were found to occur. As mentioned earlier the triggering was
not entirely stable; however, it did not vary continuously but rather
alternated among several discrete positions. The data of Fig. 13 was

obtained by selecting on the basis of histograms the most probable
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Figure 13: Typical relationship for the voltages and
output intensities measured at the x-ray diode. These

particular data corresponded to a charge voltage of 22
kV applied to an electrode spacing of 0.56 mm by systenm
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waveforms. The resulting standard deviation of the timing skew between
the curves shown in Fig. 13 was 3.l-nsec.

For each of the three devices examined in this first phase, the
x-ray fluence delivered to an extermal target could be visually examined
for wuniformity under both single pulse and higher repetition rate
conditions by allowing it to fall upon a fluoroscopyv screen of the tvpe
used in radiography. A uniform pattern, sharply delineated bv the edges
of the output aperture, could be readily seen to result from the great
majority of discharges. Pinhole photographs of the output orifice
showed the actual origin to consist of a largely uniform distribucion of
densely packed sources along the length of the anode. Resolution was
sufficient to show that the emission occurred primarilv from the region
between the ancde and cathode, presumably from vaporized ancde material
being accelerated toward the cathode. Operationallyvy the x-rav head was

equivalent to a fast linear flashlamp in the x-ray region.

Performance

For each of the devices characterized in this work, there was found
to be an optimal value of anode to cathode spacing. Trigure 1+ sho

ign w
typical variation in x-ray pulse energy observed as thar separacion was

changed. Such data presented the same general trend, thus refining the
impression given in the preliminary report.-- The trend displaved in
Figure 1l4: Total x-ray

pulse energy emitted near lA
under single-shot conditions
(L.4 Hz) as a function of
the separation between anode
and cathode. These particu-
lar data were obtained from
a Mo anode operated in svs-
tem A initially charged to a
voltage of 28 kV.
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U Fig 14 at smaller values of electrode spacing was entire.v ragroduce
i3 able in this work and is readily comprehensible in the context or Figs
- 10 and 12 showing a decreasing pulse width to result from more narraowed
\'.‘
i separations.
- To within a Zew anomalies discussed below, the output energies, E
: emitted at the optimal electrode spacing for a particular svstem scaled
[~ as
! E = AZVS (8)
- where Z is the atomic number and V the accelerating voltage, in general
{;» agreement with algorithms describing the :nfems:zv from traditional
o continuouswave (cw) x-rav tubes operating at constant current at
‘ voltages reasonably above threshold, when adiusted for the fact that in
SN these devices current is proportional to V. Figure 15 illusct:iates zhis
L behavior for operating voltages sutfficiently above threshold
49: The scaling of x-ray outputs to larger values with increased svsoten
1 size is also shown in Fig. LS. In addition to the two larger devices
- .' 1
. . | ‘
Figure 15: X-ray pulse energies 5 SCALABLE
. emitted as functions of the charg- !
ing voltage of the Blumleins ror X-RAY OUTPUTS {
. two of the three dirfferent svstens
in Table II, together with a larger C = ON N {
scale device, FALCON ~ FALLON —\ v
- Lscale 033~ L.
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Jesclibed in Table II, the outputs from FALCON, a large scale svstem,
ire shown in Fig. 15. The basic scale is set by storage capacity which
was nominally in the ratio of 1/3/10. A photograph showing two of the
FALCON class devices is shown in Fig. 1le6. In future operation the
Blumleins will be lowered into the oil bath on top of which thev rest iIn

the photograph.

With the larger devices considered in this work x-rayv pulse ener-
Zies were found to remain largely constant as the pulse repeticion rate
was varied over the range from 1 to 200 Hz. Figure 17 shows this to be
reflected in the measured values of average power output in the x-ray
pulses from the largest of the devices. Limitations imposed byv the
primary power supply to the pulse charge svstem prevented the actual
operation simultaneously at both the maximum wvalues of repetition rate
and ar voltages higher than shown in the figure. However, the absence

of any significant variation in output pulse energv with repetition rate

e
indicates from Fig. 17 that average powers in excess of the 200 =W shown

Figure 16 Photograph of two of the
FALCCN class flash x-rav devices
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are readily within the capabilities of these devices. Each data point
in Fig 17 was the average of a sequence of measurements and the highest
power recorded in this way was 300 mW for system A at 28 kV and 200 Hz.
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Figure 17 Average powers emitted as x-rays

near 1A as functions of the pulse repetition
rates for charge voltages of 28 and 26 kV onto
~he smailer and larger systems shown.
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Measurements with a Si-crystal detector located at such a large
distance that only one photon was recorded per pulse showed the energies
to be emitted into both K-lines from the anode material and continuum.
A third of the energy was found in the K-lines leading to spectral
fluxes summarized in the introductory section of this report. Of great
significance is that the remainder is distributed over a fairly broad
band of true continua as shown in Fig. 18. This continuum will be
extremely important for the pumping of that majority of candidate

materials for which transition energies are poorly known.

Summary

The results of this quarter’s eifforts in developing laboratory
scale sources for pumping candidate materials for a gamma-ray laser are
summarized in Table III. Listed there are the surprisingly large values
of equivalent radiocactivity to which these outputs <correspond.
Strengths of nuclear sources of pump radiation are traditionally
measured in Curies (Ci). For scale, a large device for cancer therapy
may be a few kiloCuries distributed into a few (<10) linewidths but such
sources can only be pulsed with relatively slow mechanical shutters.
Reported here has been the successful demonstration of full-scale, flash
x-ravy sour.es of radiation for che 3-30 keV range of energies. Thev
produce 20 nanosecond pulses of up to 6800 MegaCuries peak strength
emitted into a continuous distribution of the linewidths that fills the
range of potential interest without gaps. This is 27 Ci instantaneous
strength in each 40 LeV linewidth for nuclear absorption in the materi-
als to be tested. Over a hundred such pulses per seccnd can be produced

with the existing device.

TABLE III

IRRADIATION DEVICES ONLINE IN 1986

AV. PCWER CONTINUUM EQV. ACTIVITY
(Watts) (Photons/sec/0.1%BW) (kCi,/0.1%2W)
EXRAD 0.03 1.9 X 10 59
FALCON 0.3 2 X 10-- 3CQ0
GEMINIX 0.6 4 X 10% 6000
‘Two FALCCN
modules)
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Tor comparison the largest svnchrotron vet designed (ALS) Iz

projeczed to give 0.86 Ci simultaneously into each or cthe
e

ries per pulse. More pulses per second can be produced than

because the rluorescence of a material under test mnust be

decav before a new pulse can be introduced. Generallw

regecizion rates cannot be high enough to cifiset the lower

d range of linewidths generating a total of onlv 0.

can be used
allowed to

the usabl-

2o that while the ALS will be 1000 times more expensive it will not be

as erfective a source as our flash x-rayv device rfor characterizing the

kinetics” orf candidate materials for a gamma - rayv laser.

Jur current pian orf work projects the constructicn oI a

tion or FALCON-scale devices, svnchronized to produce a toral strength
aprroaching a xiloCurie per line. A scheduled increase in operating

voltages would 2xtend coverage over the Iull range 3-100 zeV.
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I FREQUENCY MODULATION SPECTROSCOPY mmmmmmmm

S.S. Wagal, P. Reittinger, and C.B. Collins

Basic Concepts and Phenomenology

Most laboratory sources of gamma radiation emit at levels of
intensity corresponding to single photon conditions. Mossbauer experi-
ments, for example, are rarely conducted at such great intensities that

- the detection of two photons would be probable in the tcansit time spenct
2 between source and absorber. Under those conditions the perceprion of
gamma rays as streams of particles is instinctive. Nevertheless, as
elements of electromagnetic radiation thevy nust also be considered as
carrier waves of high frequency. Early in the development or Mossbauer
spectroscopy, the frequency modulation of such gamma-rav "carriers" was
!g demonstrated by Ruby and Bolef in a classical experiment.-° Bv impe
reriodic Doppler shifts of purely mechanical origin upon a Mossbauer
source in a simple transmission experiment, thev dewvelopsd s3um and
difference frequency spectral lines displaced from the normal gamma-rTay
carrier frequencwy by integral multiples of the mechanical freguencw.

I' fact they produced sidebands on their gamma-rav spectral lines

In the late 1960's Mitin<? *’ reported a theorv which gredicts i thas

sidebands of an equivalent appearance could be geunerated “v e2xciting the

Mossbauer transitions as part of a nmuitizhoteon

4

! .. immersed in intense radiofrequency (r:z) =Ificzlds

3 ;} effects arising from such different origins provided =he basis .o wears
- of critical controversy which continues to the present tine Zecause
} o our coherent pumping scheme has a generic relaticnship to the original
: s Mitin proposal, we inadvertently inherited some of this arcane contro-
! versyv. Unfortunately, sewveral of the earlwv experiments weres flawsd by
N :; the technological and conceptual limiztations of the times, and it was
: o necessary for us to focus considerable efrfort this past Juarter upon a
: . reexamination and extension of the critical experiments which had

oK
¢

» taunched the original controversy.
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The earliest actual experiment in radiofrequency sideband produc-
tion, reported by Perlow’! in 1968, focused upon the components of the
14.4 keV transition in °’Fe. Several °’Co sources diffused into ferro-
magnetic hosts were immersed into intense magnetic fields oscillating at
radiofrequencies. Those results were explained’: as the magnetodynamic
modulation of the hyperfine fields and generally conformed to the Mitin
hypothesis for multiphoton transitions. Two of the three groups who
initially documented this phenomenon favored the magnetodvnamic explana-
tion which required no mechanical action,?:32.33 while the other group
began to develop an alternative based upon magnetostriction.’* 3% Most
of the actual experiments had used ferromagnetic hosts to enhance the
applied magnetic fields, and such materials are almost invariably
magnetostrictive. In the model finally synthesized, the same type of
periodic Doppler shifts of Ruby and Bolef<® were assumed to be driven bv
acoustic phonons which were excited by magnetostriction along th
greatest dimensions of the material and scattered onto the axis connect-
ing source and absorber. To be effective this mechanism required the
sample to have a large acoustic Q so that displacements of the active
nuclei could build to significant values.

Despite the accretion over the years of a large bodv of phenomenol-
ogy presumed to describe rf sidebands on Mossbauer transitions, the
magnetostrictive-acoustic theory never quantitatively predicted the
amplitudes of the sidebands as functions of either applied power or
frequency. However, the magnetodynamic models of that earlwv time fared
no better, and attention unfortunately turned to "proving" a magne-
tostrictive origin by distressing the alternative explanations.-¢ The
obvious difficulty with proving a theory by distressing the alternatives
is that those other explanations may not have reached comparable levels
of maturation. The magnetodynamic models of the late 50’'s were rela-
tively easy to destroy. However, the recent successes of ferromagneto-
dynamics®’-’® show the early models’: of sideband formation to have been
inspired, but inadequate approximations. Their failures to withstand
the stresses of the Pfeiffer experiments’® can be readilv seen in
hindsight to be neither surprising nor significant. Those models simply
did not embody the level of sophistication necessarv to describe the
complex switching behavior of magnetization in ferr

subjected to various combinations of static and oscill

those geometries employed. It is now accepted’ 7 that in such geone-
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tries oscillating fields are produced by the wvaricus precessi..os thact

- have substantial components, H, normal to the major rfaces.

From current perspective it is the benchmark experiment regorted L
- Chien and Walker?? that forms the bulwark of the magnetostrictive-acous-
tic explanation of Mossbauer sidebands
experinent, an absorbing foil composed or ferromagnetic and ncnmage

N lavers was used to study transport of the causitive agsnt rron

ferromagnetic layer into the nonmagnetic, where sidebands wers pro
- upon Mossbauer transitions of embedded " 'Fe nuclei. Verwv clear evi
s showed:

L that cause did arise in the ferromagnetic NI lavars
. sidebands only in the nonmagnetic stainless steel lavers
e 2 that tight coupling between lavers favored the =xcizatl
¥ sidebands and poor coupling attenuated it

These results seemed conclusive in demonstrating the cause 15 1 =
- port of phonons from one laver to the next with a high ac usti

These experiments were repeated in the work reported hera. Lut

ii extensions which seem to contradict the classic interzrazation

) Three experiments were conducted in this gast guarter The
e was designed to elaborate upon the Chien and Walwer &= l-omonszratt

the importance of tight coupling and high acoustic 3

o Although not unique for all sidebands in a s

T
modulation index, m as a measure oI the strength of the luvel

. the sidebands offers practical convenlience Ior descrivsl o,

i

magnetostrictive origin

o where x. i3 the amplizude of the pericdi: Jdicglicenent o i o0l
e v= 0.137A for the 14.4 keV line of F= In the corr .

dvnamic model,

LCE
v e

» -".)
3 on
3

e

where H i3 the agpplied magnetic Ti-00 i b oprowille
between H, and H. For relatively .7all 7 i wiloh TP

negligible, =the ratio of the —aunit:ie I Sl



intensi:v in the original parent line i35 grogor-iona. - : .l :
turn s groportional to P, the applled radliorrepien v oo wer

“ne or the most compelling results presented v Hien gnd Wileer
was a demonstration of the enhancement oI = 127 raed Lw o clioncrer
acoustic coupling of lavers Thev rfound thas e =otr-nliasing N1y noy

stainless steel foil produced much higher walwes 't =~ i anooerrtion

experiments than could be obrained bv gluing a Ni Z:il =0

foil Thev attributed the difference to the obviouslvy poorer acoustic
properties of the glue. However, as part of this repor:t we observe that

thelr s-ainless foil was electroplated on both sides wizh Ni while zhe
epexied bond was used to join a single NI foil to one side or the
tainless absorber. While the =m defined bv Eg <33 could not be
addizive {f produced in different magnetostrictive lavers. in principle
the H, upon which m depends in Egq. (l10) could add coherently. Two
Oof m arising from distinctly separate sources could give a
rasulzing modulation of 4m< in a magnetodvnamic model. This is about the
magnitude seen in the data of Ref. 39 of the difference that resulted

Irom excitation with two electroplated lavers in comparison to excita-

el
y-
@]
jo
e,

rom one glued laver.

In our first experiment we observed that simple contact orf two NI
driving layers w'th an enriched stainless foil between them seemed to
provide as favorable coupling as did electroplating. Moreover, we round
that the transfer of the agent of excitation could be accomplished over
considerable distance through materials with exceedingly poor acoustic
properties Figure 19 depicts to scale the most extreme arrangement in
which a 2 0 um thick stainless steel absorber rfoil was wrapped with a

120 .m cushion of facial tissue and then placed between two, 2.5 .m

thick Ni driver foils. Microscope cover slides on the outer surfaces ot
the Ni roils provided mechanical strength. The insets show the essen-
tial results. In Fig. 19a no sidebands are seen in the absence of

appii=2d power and in Fig. 19b sidebands are evident at 6 watts of power
int> the coil containing the assembliv in a resonant circuit or electri-
tal 3 of 113 at 22 MHz. Perhaps it is possible to imagine transport of
thonons in such a system, but It should be noted that the tissue was
composed of random arrays of ribers with diameters considerably smaller
than a wavelength for a vibration at these tfrequencies, characteristics
presumed in rhe literature’r *° to provide a reasonable barrier to the

rranstier of vibration.
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‘ Figure 19: A scaled figure of the foil arrange-
" . ment designed to insulate the - Fe enriched stain- o
- less steel absorber from phonons arising in the Ni |
foils. Figure 19a) shows that a single line ab- 0,
? . sorption spectrum is obtained from the foil ar- -‘-1
- rangement when no rf field is appiied. Figure -

19b) shows that sideband absorptions can be in-
duced in such a mechanically 1isolated absorber
toil.
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In a second experiment we explored the additivity of the effects
contributed by independent sources. The same stainless absorber foil
used in the first experiment was tightly sandwiched between two Ni foils
each 2.5 um thick. The Ni foils had been cut from a single sheet or
polycrystalline nickel, supposed not to have been magnetically textured.
We assumed that the magnetic easy axes in each component crvstallize to
be randomly oriented. A cursory examination showed the effect of two
identical foils injecting excitation from both sides was simply twice
the effect obtained with one foil on one side. In effect the values of
m- being communicated by each single foil were additive vielding a
modulation index of 2m¢ from the pair. As expected, both the trans-
ferred displacements, x, and the m resulting from the fields H appearing
in Egs. (9) and (l1l0), respectively, were only randomly correlated
Detween the two distinct sources.

When the foil assembly was biased with a static magnetic rfield
applied in the plane of the foils but perpendicular to the oscillating
magnetic field, completely different results were obtained. Figure 2(a
shows the dependence of the size of the first order sidebands upon power
applied to the two Ni foils in order to establish a measure of lineari-
ty. Spectra were scaled so that the transition probability remaining in
the central peak was constant as a convenience to minimize distortion
resulting from saturation of the near-linear dependence of first order
effects upon power. In this way m? could be more readily visualized as
being nearly proportional to sideband amplitude. However, wvalues

actually shown were computed according to the prescription or Reri. 39.

Figure 20b shows the comparison between the effect of one source of
excitation with that from two when both were biased with the sratic
tield. In obtaining data for this comparison the product of rf power, P
and electrical Q of the circuit containing the solenoid with the foil
was maintained constant. Elementary analysis shows that if PQ is
constant, the rf current in the solenoid in such a circuit is also

constant and hence the two arrangements are subjected to the same

solznoidal rf field. In this case the modulation index obtained with
the two driver foils can be seen to be 3.2m-, where =+ i35 the index
produced by a single one of the foils. While it Is inconceivable thar

T

the localized values of the x. from separate rfoils could become corr:

lated, it is possible that the m in Eq. (10) coull
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The bHias would insure that the rovwing of the sarturation fie-11 {in each
crestalliite started in the same hemisphere as the rr o ciel i, comm i

»ach Ivcle of oscillation This would insure partial <orrelari.n or the

mormal tomponents  of  the magnetic rields transierred oo the Wy

roils ‘S

In a third experiment we attempted ©o determine whether the
mwofilation index, m scaled with the magnetcstrictive propersies oI the
driver or with 1ts permeabilitvy, in essence whether m was more appropr:
it~ v given by Eq. (9) or Eq (id) In this sejuence ~he s3ame stainies

1t sorber foil was first wrapped i

<

a single folil or nathral iron v T ¢
3

Ay

n
.« and then sandwiched in gzraphi:ze
a shown in Fig Jla wer

iriven by 1T 2 W oorf radiofreguency power 4

noawning the coii, with the Q-factor arrang=<¢ 2o e 7 ¢ Sidebands

- "o <he ricth order can be clearlv seen  For N othe specTtrunm
“rrained for the stainless foil in the rields but withuour the driver 15
srewn in Fig  21c, and the spectrum of the natural {r-n wrapger in she
rv rields is shown in Fig Z21d. In the latter -~ase thne Swer laprping dand

SLoendiing or line and sideband components at this Ireuiency oran be seen

= v oduce no oappreciable structure {n agreement Wwith Crewiocin obhuero

. Figure 21 3 w i !
W, .M*f absorber r©oil 3t R
a v . . -
.“,J.V LSMHz R 8 rield ar o we T 0T
oo wWates
-
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Nickel nhas 4 much larger magnetostriltive oonuo

‘mparison being -30 3 to 5.0 in customarv units Tata JhowmoIn Filg

Jlb were obtained by replacing the iron foil driver wizh 1 i -bel 000

2 % .m thick, wrapped around the same absorter in the Sar= Tannr T
Literature © 15 unanimous | attribu.ing la - .
irivers so the more substantial development o oL
toil driver seen in Fig 2la and Z1b completely =0 iilTo a slvole
magnetostrictive origin of the erffecrt.

while confiirming the experimental results 27 the lLanirar o
wi.ver paper, thece new results o L
"hat  time and displav behaviors Wl -

traditional magnetostrictive-acous

Fecentlv it has been reported’ -- - that in scme

sideband intensities developed by ri fields on Mossbausr ~rin. i7l.ns
be quantitatively explained with a multiphoten meodel Lase i oo -~

iressed state theory of Cchen-Tannoudii. -- The silebanis In i

nuclear states whose energies had been shifted bv integril muilziplon
~he quanta of the electromagnetic field dressing the cuarzioi- .-

In view Oof the successes ¢f that particular mag
a

)
3
(19
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O
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3
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i
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sircumstances and these new results contradicting the <o ST
1ien and Walker -’ experiment ir would appear that the controw-r
“he origin of Mossbauer sidebands cannot ver hte consilerslor R
It i5 most reasonable to expect that scne NI Taane T

3
e
o
w
3
(o9
[*¥

coustic causes can provide a comprehensive explanation ~r 1L
‘2 the complex accrecion of phenomenology to which we fave aoied
but rfurther work will e neelded to determine nior Wi

“lrcumstances one or the other dominates Such experiments oot ine

ie at the focus of our activities along these lines
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: Instrumentation of FMS
; gt The sum and difference frequency sidebands produced on intrinsic E
s Mossbauer transitions has made possible very effective new instrumenta- -
tisn for high resolution spectroscopy at gamma-ray encrgies. A proto- F?
- tvre version of this Frequency Modulation Spectrometer (FMS) was rirst '
_{A_ lfescribed’~ by our laboratory in 1985 and subsequent refinements were N
;A"' made with support from an earlier ONR Contract followed by work per: .
e formed during this reporting period. This device monitors changes in
{” the intensity of transmitted single-frequency gamma photons as a ’?
‘ tunction of frequency of the long wavelength photons of the alternating -
- magnetic field in which the absorbing nuclei are immersed. '
o
® At the heart of it is a multi-channel scalar (MCS) and I[EEE-4&3
ff - ;FI3 interface with an Apple II+ computer (Fig 22). The MCS was .
:'fw iesigned to have a 100% duty cycle. The GPIB enables the spectrometer ‘
MRS ~> sweep continuously through the frequencies of an rf magnetic rield
<ith a Wavetek frequency synthesizer. The Mossbauer drive allows the -
irequency of the gamma photon to be blased by a constant Doppler shirfc, ll
i desired. The spectrometer in its present form has an instrumental
rzs;olution of 100 Hz and a range of 10° Hz with a stabilitvy of 0 ! :;
Hz /sec with a stationarv source. These characteristics are comparable N
o having a Mossbauer spectrometer with a means of Doppler shifting the
zamma-rav source with a resolution of 10 nm/sec and a range o:f 1O o
mm/sec with a stability of 0.01 nm/sec/sec.
N
In operation FMS of °“'Fe provides a direct measurement of rI !
sideband positions and intensities, from which one can extrapoiate -
inrormation about the transitions between Zeeman split energy levels ;{
: ‘parent transitions), labeled 1 through 6 in Fig. 23. Rf sidebands have ~
- been labeled as a parent transition preceded by a number of +'s or -'s, >
the number of which corresponds to the number of rf field energy quanta ig
corder of the sideband) added to or subtracted from the parent transi- i
zion The svymmetrically opposed parent transitions 1 and 6 are separat- :?i
ed bv 123.7 MHz Applving a 61.85 MHz alternating magnetic field to the a

Fe roil produces (+1) and (-6) sidebands which overlap in the svmmetric

sentar, or transition center, of the hyperfine structure of the ' Fe
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The energies orf the gamma ray emitted by the sourte and the transicicn
center of the absorber differ by the isomer shift, » (Fig. 24a). In FMS .
the Stokes sideband from parent transition 6, (-6), would be detecred art
a rrequency of (61.85-1) MHz while the anti-Stokes sideband from parent -
transition 1, (+1l), would be detected at a frequency of (61.85+.) MH:z fi
Fig. Isb and o). Therefore, FMS should produce a spectrum with two
pears around 60 MHz, separated by 24. T
Ir we apply a small Doppler shift, », to the source, we should
cbrain an FMS spectrum with two peaks around 60 MHz, separated by 2{. + :E
Fig 25).
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Classicallv, the frequencies at which sidebands appear, fs, is simplv f
fs(MHz) = [ v - (P + iso)] * (ll.6/0rd), (1L .
where P is the position of the j’th parent transition (mm/sec), v Is :
the velocitvy of the source (mm/sec), iso is the isomer shift (mm/sec),
and ord is the order of the sideband of interest. The source used was
in a Pd lattice (iso = -0.185).
Rf sideband positions are also apparently arrected by the intensity -
of the rf magnetic field (Fig. 26). It is vet to be determined whether R
sideband position Is a function of intensity as well as freguency or tne i
rf{ magnetic field, or whether the temperature shift orf the parent T
transitions is being detected, or both. Since we start with a negative
isomer shift, raising the temperature of the absorber should reduce the
energv difference between the source transition and the transition o
center of the absorber. Therefore, increasing the ri field inctensicy
should raise the temperature of the absorber and in cturn decrease zIhe o
{somer shifc. E
0 20 :
{
—
+ A /
- ~ 10 )
® ~
@ ]
- S
o =
T v T
45 60 75 -
/ .
FREQUENCY (MHz) :
|
o igure 26: Erfect of field intensicy
o on sideband position. s
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It seems clear thac, in addition to providing information abcout
sideband intensity and position, FMS could also prove to be a means Ior
iire¢c and accurate measurement oOf isomer and temperature shiZfts

D

ic quanticties that are dirfrficult to measure with Mossbauer

B
1%

&)
¢4
¢}
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>scopy as usually practiced because orf the difficulty in obral

such small wveloclties with such precise ccntrol. For the purpeses o

- the gamma-rav laser progranm it is the combination orf n
a

width and large tuning range that offers the gre

To dress an 1isomeric state requires a a
nuclear levels that would make them undetec%able
. t2chniques of nuclear spectroscopy. Our method o S

P sound to date that can be used to searc
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23 best candidates. The successes of the new FMS apparatus Ior nuc.ear
R spectroscopv indicate that a much higher resolution, by perhaps severa
more orders of magnitude, can be achieved through a reasonable upgrade

Of the apparatus. If the range of tunabilitv does extend to the

ct

111 be

b
£

|' ferromagnetic spin resonance (FSR) ZIrequencv, then

t> construct a swept frequency device cagable o

o le. - <
nuous L cunln

b

[af)

™
T

P

O

c
over a range of 10'- line-widths, an encrmous improvemen: in tl.e

; JL-the-d4rt of nuclear spectroscopy.
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TR $ APPENDIX IR

CENTER FOR QUANTUM ELECTRONICS
UNIVERSITY OF TEXAS AT DALLAS

General Information

The Center for Quantum Electronics was established at the University o:f
Texas at Dallas in 1975 by Professor C. B. Collins, the present direc-
tor. It was immediately distinguished by the discovery of a new type of
visible laser, the charge transfer laser, one of the few new lasers to
be invented in a university environment as opposed to being discovered
in a national or industrial laboratory. Two vears later a patent was
issued for another new laser excitation scheme, the repetitively pulsed
traveling wave laser. This initial momentum continued to build and in
the past five years 33 articles have been published in the reviewed

journals detailing our Center’s accomplishments.

The central theme in the Center for Quantum Electronics is the develop-
ment and utilization of new light sources. Over the years this has been
expressed through basic research into new spectroscopics, into the use
of lasers to create new reactive species, and upon matter in intense
fields. A major expansion of activities in the past year, supported by
the Innovative Science and Technology Directorate of the Strategic
Defense Initiative Office and directed by the Naval Research Laboratory,
has been applied to research necessary to determine feasibility of a
gamma-ray laser. Our multidisciplinary approach to this problem is
unique in joining traditionally-unrelated fields of Quantum Electronics,
Nuclear Phvsics and Solid State Physics. Such a fusion of concepts from
different fields of inquiry forms a fertile atmosphere of scientirfic
research and experimentation. It is conservative to say that the
realization of a gamma-ray laser would revolutionize both defense and
industrial technology.

Currently active within our Center are several interlinked projects
supported from a mixture of Federal and local sources. At the cutting
edge of emerging technology, these projects offer unexcelled opportuni-
ties for the training of students and professionals. For example, eight

Ph.D s have been earned over the past five years under the supervision
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of the Director, continuing a trend that has produced a total of 19
Ph.D.s to data. The Center employs 34 staff members, both as research
professionals and support personnel. Working on the gamma-ray laser
project are ll1 Ph.D. students who are doing their dissertations on the

experiments they are conducting in connection with this project.

Located at the north periphery of the campus at UTD, the Center for
Quantum Electronics occupies 10,500 square feet in adjoining buildings.
A unique flash x-ray lab under construction will consist of 16 pulsed-
power transmission lines, each 16 feet long, converging on a target
chamber where the candidate laser materials will be tested. This 3,600
square-foot facility is one of two projects under active construction at
this time. Including remcdeling projects to outfit existing buildings
on campus to the specific needs of the research in progress, the Center
for Quantum Electronics expects to add almost 6,000 additional square

feet before the end of the year.
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