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.0 Abstract (continued)

relatively unrelated fields of physics.) Our research group has described
several means through which this energy'might be coupled to the radiation

fields with cross sections for stLtiTated emission that could reach

*i-  cm. Such a stimu a-e4d-reiease could lead to output powers as .zreat
as 3 x 1021 watts/liter.---,ince 1978 we have pursued an approach for the
upconversion of longer wavelength radiation incident upon isomeric nuclear
populations that can avoid many of the difficulties encountered with

traditional concepts of single photon pumping. Recent experiments have U
• .confirmed the general feasibility and have indicated that a 2amma-ra,: laser

- is feasible if the right combination of energy levels and branching ratios
exists in some real material., Of the 1886 distinguishable nuclear mar!-

",* als, the present stat e-of-the-alt has been adequate to idenrify 29 first-

class candidates, but further eva ation cannot proceed without remeasure-
1 -ments of nuclear properties with hiker precision. A laser-grade datarase

of nuclear properties does not yet exi§j but the techniques for constrct-
ing one are currently being developed. Resolution of the question of t-he
feasibility of a gamma-ray laser now rests upon the determination or:
1) the identitv of the best candidate, 2. the threshold level of laser
output, and 3) the upconversion driver Lor t:hat naterial.
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INTRODUCTION

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 (1012J) per liter

for thousands of years. Over the past seven years, our research group -"-

has described -16 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 b
emission around IA could reach 10-17 cm2 , an order of magnitude more

4.
favorable than the value for the stimulation of 1.06 4m 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

1022 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 unfruitful 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

redium, 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-
'4 able 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

hn 1981 this "traditional" approach to a gamma-ray laser was virtually

abandoned with Baldwin's publication of the monumental review" of all

c assical efforts.

% %4 1 0



. ~The involvement of our UTD Center for Quantum Electronics dates '-

' ' back to 1978, arising from previous activity focus ed 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 usual atomic and molecular. As a result, the "

• , -. modernized concept of coherent pumping with optical radiation was

:"'" introduced in a sequence of papers1- 7 concerned with nonlinear processes -

" ' 'Jmediated by virtual 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 upconversion of optical laser

' '2photons to gamma-ray energies.

e4 .

" 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 article3 appearing the following year. if

- strengthened by recent infusions of dressed state theory,', "  that

_ -" article still provides the most convenient review of the basic concepts

v-'-and requirements for a viable gamma-ray laser scheme. Subsequently

,..'- tested in a series of modest experiments, the underlying concepts were ''

.[.'.[-conf irmed by demonstratingg- [ that the matrix elements used to obtain

i] ~the favorable estimates of the threshold for laser output w.ere orcf"•

- 7 esi,.n~edand that extremely large ferromagnetic enhancements of the .

:. Jeffective powers applied in the coherent pumping scheme can be obtained.

,'.'.'.The conclusion from t.,ese experiments was rhac che 7.2mma-rav 'aser Is

Je i !7e 1 v feasible if a sufficienciv ideal isotope exis -s in ei:.
-' qThis is the single most critical issue to the development of a gamma-ray

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

- _ 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

e .-.- measurement of nuclear properties with laser-grade precision have been

-",

--" "" recently introduced in our laboratory, ?- 0 The full implementation of n

these techniques has been at the focus of efforts applied during this

"; - first reporting period. Detailed in the following material will be the :

- .4



construction and evaluation of a flash x-ray device for pumping test

materials and a Frequency Modulation Spectrometer (FMS) to facilitate

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.-7  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 employed:

coherent and incoherent, as shown in Fig. i. The critical concept here

is that either trinsfers 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 viability

of these pump schemes will depend upon:

i) spectroscopic studies locating a suitable configuration ofr
nuclear energy levels, and -"

2) "kinetic" studies providing an efficient path of cascading
from the intermediate or dressed state to the upper laser
level.

A recent variant to the scheme for pumping incoherently with flash

x-ravs must be mentioned in passing. In it the transfer from storage to

intermediate level is assumed to be excited bv 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 likely 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 decay at the end of the pulse will

extract the energy back from the nucleus into the fields This could

only be avoided if some super-allowed transition in the nucleus were

N4 3
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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 oa previously unobserved

nuclear transition of very high width. While it is 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 1: 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 bv the initial capture can (Z)
range from days to hundreds of CAPTURE
years. The first phase of the two- RADIATION
step process for the stimulated re- NEAREST
lease of the stored energy is shown INTERMEDIATE
in the figure by the solid arrows. LEVEL
Both correspond to the use of Lki (Lifetime _ VIRTUAL
Longer wavelength radiation to lift _-- - --- LEVEL
a nucleus from the storage level to% s -ISOMERIC '-
a higher level of excitation that STORAGE
has a much shorter lifetime. The _ 2' LEVEL
arrow marked (i) illustrates the ( '2"
incoherent pumping of the storage
Level through the absorption of an UPPER
x-ray that is resonant with the en- P P LASER LEVEL
ergy separation between the storage
level and the next higher level of
proper symmetry. The arrow marked LOWER
(I') represents the alternative LASER LEVEL

'- process of coherent pumping through
*i the non-resonant absorption of a
* photon from the radiation field in

order to create a virtual or
dressed state of excitation shown
.bv the dashed level in the figure.
In either case the gamma-ray output
ultimateLy results from the upper
laser level populated by a cascade
occurring is a second step, as
shown in the figure by either of
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 U
are not without difficulty. It is useful next to review these fundamen-

tal concerns within the context of the nucleus.

4
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'- Frm very fundamental bases, the cross section for the interaction

of molarized radiation with matter leading to stimulated emission can be

general>; expressed (even for nuclei),

where A is the Einstein coefficient for scontaneous emission and g(>) is

the normalized lineshape function for the transition attributed to the

* . matter,

. 1 (2)

Approximating

"ag.( )= 1/t, (3) "

where .. > is the absorption bandwidth, we must recall that the actual

maximum of g() ir only 2g,./7

t One intrinsic advantage of gama-ray interactions is tnat at the

nuclear level the width -i is often just the transform of the radiative

* lifetime. :n those cases the Mossbauer effect eliminates recoil and

. . with it problems of thermal motion and Doppler broadening. This natural

width gives,

- = A/r. (4)

Substituting Eq. (4) with Eq. (3) into Eq. (L) yields the Breit-.igner

cross section for stimulated emission,
4.

I .,. = ,/3, (5)

a very large value, even at IA. The strongest homogeneous rroacening

- process will Limit access to these benefits, but this e-et nas not vet

- been observed experimentally. Gamma-ray transitions have been found to

have natural widths down to instrumental Limits as small as 101 Hz.
. ,.7.: s . o "_i-_''z .:e 07".:: " 7 0-_..s -_ . .... : . ::: i'e s , : .

'  
.10< .: , r. . ,

- To esti;mate requirements for the incoherent pumping of populations

b rfromastrage level to an upper laser level through absorption cf

inc dent x -rays, one further co mplexity must be introduced As shown in

-7 5
BB



7-%
VI

Intermediate Esioneu C ascading Conversion

qLevel

m2A

Upper laser level

Figure 2: Schematic diagram of both essential and
competing processes involved in the pumping of an upper
laser level in a nucleus.

Fig. 2, both cascading and internal conversion are accommodated by

transition rate coefficients scaled to the A-coefficient by factors-

and a, respectively. As a result, the total width ror absorption

becomes

-(I+ cr + -)A/7, (6a)

while the cross section for absorption is reduced accordingly,

a = /(l + a~ + ).(6b)

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

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

source of x-rays, the pump must be considered to he a continuum. As a

result, the rate of pumping concentration from the initial state is

proportional to the product, uivw of the terms from Eqs. (6a) and Ubl,

and is independent of a and -(providing broadening is less than l10J

-- so that is not reduced below the cross section fo photoelectric

absorption by the electrons in the material). -

04The consequent effects of broadening on the production rates of

-. concentr-it 10n in various levels at the incident surface or the materilL

N. is summarized in Table 1.

* 'Assuming we pump with both polarizations, a total concenltration N

4,.

0" 4•ca epupdinteupper laser level,.1"-

4v

.f

01%012 t
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N = NF( .) r.. (7)4
it (l+o+7)

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 Z,_ initial states so that the Breit-Uign-

er cross section for absorption must be modified from Eq. (5) through

multiplication by (Z,/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 latter 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 Comment

Intermediate LOSE Same production Lifetime over which pump
rate rate can be intezrated

Upper laser WIN Production rate Usable pump duration is 0
level reduced by increased up to - the

-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-lifetime

product, Ar../ can be made much greater than unity. In such a case,

population from the storage level is 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 absorptionL '

from the matrix into which the nuclei are diluted and from the diluent.

i] 7
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In 1982 we published8 the details of a basic modeling study

incorporating this bandwidth funneling in an idealized 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 3. 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 3 must

be given a larger variance. Current results of the application of Eq.

(71 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

,,' follows:

1) Threshold Fluence - 100-300 J/cm 2/0.l%BW/lifetime

2) Temperature Rise - l00-300*C.

Specification of the fluence per unit bandwidth in terms of 0.1% of the

transition energy, as shown, is 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

tyIpical, but hypothetical case 3 . There it can be seen that the major

part of the pump line that is unavailable 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. i,

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

V/

;N .,. ;.", . . '-"-i :,....v. ' ,.2...-., -"."."-"- , , .- '." a -b - - . -.- ..-- ,-."-S- . .-.
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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 level. 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, '2E

from resonance must be comparable to the interaction energy if proper-

ties are to be fully mixed. In such cases, the metastabilitv of the

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

Photoelectrons

Nuclear Pumping 3.1 J/cm3  ,.'
in a layer of 8.4 rm

Concentrate Diluent
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. -

S- . .., .-. -.. :.:.--,--:--:- .,S.:-..- -, -: -,:-: -:--: --;:.-: :: .'. , .::-" ':-- " --
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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 theory - suggest

that the threshold requirements in idealized cases are cc-narable to

those presented above for the case of incoherent pumping. The principal

i difficulty 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 com-

pletely invisible to current techniques of nuclear spectroscopy.
0d

Critical Experiments

Under the idealized conditions discussed above, the part of the

pump energy which must be supplied in situ would not be large enough to

represent a major impediment to the realization of a gamma-rav laser.

The real difficulties 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 beyond

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-ray laser. Our computer

based searches of the existing data base have served to identify 29

first class candidates. Of these, L0 are known to have the necessary

(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 "sec, and 2) a lower laser

10
.4 .--': 0**'Y~:,,>2 .~ .*



level of even less energy. For these materials, the applicability:% of

the favorable threshold estimates will depend upon:

1) spectroscopic studies locat-Ing a suitable intermediate or
scattering state to which transitions can be made from the isom~er,
and
2) "kinetic" studies providing an efficient coupling f r om t-e
intermediate or scattering state to the upper laser

To meet this need for laser-grade data on nuclear properzi-c -..e

recently introduced-- analogs to the powerful techniques for '1ct

ing spectroscopic and kinetic properties or atoms and moLecu_!s at

optical wavelengths. These are shown schematically in Fig. 4

KINETICS SPEC-TROSCOPY

PUMP h.s Tuw w

FECUENCY ' -CCILAT7CN
NUCLEAR (DOUBLE RESONANCE S-PECTROSCOPY

JUST BEGINNING- UNCERWAY SINCE 1982

Figure 4: Schemati representatiorDn.- nl-clear analoo:s
of the optical double resonance and ua sme-ctrosc,-
methods that have served so efcieyt ul ae
related data base for atom.ic smm at omc :-r

gies.

6Essential to the success of -,!-e Iu erescncnce -

accessibilitv of a source of rulses ofx- riv s c ~:
that is very powerful in comparicon r with Aovn~n - ..

from the pump of 10-4 keV,'keV of banudwidt'h Ln Ie

brief working period. Either laser paacor ree .:'

do this in a single shot, each 7Z whc a'~e lou"'t an...~

*.Laboratory time to prepare; but costs are ;er-. high. Ac a r ecL; i e

* ~~~of these traditional light sources f mr the subAnsr. m -7 c~n:.l

used to complete an evaluati on of lr , m~..............................................oct 1,--.......
before the turn of the centur;,

:.n the following sectimon we deral te r '....

U ?~~~rotct vpe flash x- ray device---. FALCCN 4h'_-- cam em r v7ii;.:-s

near O.5A. A Blumlein driv,.en !tevi-e i ri-t:~ . .

which is not choked at: the Oirt.o V:::4 7

2.0



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 K

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

outputs approach the design objective of the ALS synchrotron configured

with the 13.6 wiggler, as shown in Fig. 5. Linewidths from FALCON and

the ALS with wiggler are comparah'e, but of course the ALS output 1'3

collimated and tunable to any ener;'y within the envelope while lines

from our device are fixed 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 for the illumination of extended absorbers

it offers an interesting alternative to the more conventional sources of

x-ravs.

K /5
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The other new technique of Fig. 4 preserves the high resolution

ispects of Mossbauer spectroscopy but replaces the mechanically generat-

ed Doppler shifts, conventionally used for tuning, with sum and differ-

ence frequencies generated by a mixing process. A computer controlled

frequency synthesizer sweeps a radiofrequency used to switch intense

nagnetization in a htost material into which the test nuclei are diluted.

unable 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

"n detail. Not a laser candidate but a simulation, "Fe was used in

this demonstration. Shown in absorption are resonant structures from

_ .expected states in the lower panel together with unexpected surface

states, vet to be analyzed. Widths of the lines are not instrumental

but rather reflect the transform of the lifetime of the final state of

the nuclear transition at 14.4 keV.

Detailed review of both new experiments is presented in the follow-

..-. . g sections and testifies that momentum is building in the development

. - r new technology necessary in the search for the best candidate

.- -aterial for a ga.mma-rav laser.

%.
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THE SCALING OF FLASH X-RAY DEVICES

F. Davanloo, T.S. Bowen, J.l, 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 I
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 imbalance 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 vital interest to

the gamma-ray laser project lies in examining the nuclear fluorescence

from candidate materials irradiated by x-rays in the 1-100 keV range of

energies.) Since we are using extended absorbers, collimation is not

important. For us the essential figure-or-merit lies in the average

x-ray power emitted over the bandwidth of interest in pulses of duration

of the order of 10 nsec or less.

While both laser plasmas and large e-beam discharges offer alterna-

" . tive solutions to the need for maximal emitted power in the x-ray

region, those also are large and expensive devices requ'iring complex

supporting facilities. A first major step in the realization of a

laboratory scaled, pulse x-ray source was the B.um.lein-driven generators

of Bradley- and co-workers, '  For pulses as short as lU' nsec their

device performances have succeeded to the point limited by f-ndamental

N considerationsj while the apparatus remained portable and self-con-

tained. Nevertheless, those generators, together with tl,'e laser plasmas

and e-beam devices, were characterized by very loDw r peition rates
• which would necessarily limit their usefulness in experiments dependent.

upon the integration of responses that occur with low probabilities.

Recently we reported2-' a further step. in the realization of a

.. laboratory scaled alternative to the sy nchrotron for some applications.

15
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We described a Blumlein-driven x-ray diode for which impedances had been

*i 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

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 yield 300 mW of x-rays while retaining its table-top

aspects. For comparison, the design objective25 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 is essential to

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.

• -\ .'%

Figure 7: Schematic drawing of the high repetition rate,

*O flash x-ray device characterized in this work.

'N '
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Device Design and Construction

As described in our previous report,2 2 the design of our flash

x-ray device centers around three critical subassemblies:

i) 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 - in a schematic

that is reproduced in Fig. 7 for convenience. Elements (2) and (3)4.-" .

differed little from drivers we had developed earlier for short pulse

* -nitrogen ion lasers.26

4 For the initial investigation of the scaling of this flash x-ray

device to higher powers, two larger systems were constructed: one with a

nominal, 1.80 line capable of storing about 7J, the other with a 0.852 .

line stcring 8J. Because of the thicker dielectric laver giving the

larger impedance, the first was capable of routine operation at higher

0 voltages. In both cases the Blumlein was constructed from massive

copper plates, potted with epoxy on outer surfaces to reduce corona, and

separated by layered Kapton (polyimide) dielectrics. in operation, the

middle conductor was charged to a positive high voltage which could be

varied to 30 kV and commutation was effected by an EC&G 3202 hvdrogen

thyratron mounted in a grounded grid configuration. The average

- TABLE I!

Comparison of the dimensions and parameters of the KLumleins in t,e
- three devices used in these scaling studies.

-System A ("scale 0.33") B

Dielectric Layered Kapton Layered Kapton Lay;ered Kapton

and epoxy and epoxy and oil

Thickness 0. 66 mm 0 69 mm 033 mm

C(storage) 3.2 nF 7.2 nF 9.5 nF

C(wi tched) 3.5 nF 8.7 nF 9.1 nF

Line impedance 1.8 , 1.8 0.85

Transit time 5 .5 nsec 1i. nsec b 3 nsec -

.................. '.] . -. .. .

-,. -... .17.'"
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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 in the first column.

Charging of the Blumlein was accomplished with one of two alterna-

tive systems, 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.

O

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 L0 cm

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

13 
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-ae ast: maerial forming the base of the x-rav "lead ber:)re -larjened.

Alter emergong from the base, the foils were 'oined to, thle out ermios t

ccppe-r p~at-es of the Blumlein. In this way any; transverse cornsrction

Uof the cath of the discharge current between- t-he and the

%~croe was av<', ed.

Thedeignofthex-ay ub fr thee cig studies has evolvpd

31s':osantia--v from that used in th-e first model's rt:,ortederir--~

t a:: earlier sytmthe anode had been cast die~vinto thef material

:ormong the base to facilitate passage of the :rec. th-rou-gh

t he ba se .in that design the x-ray tu ,be was cs erdto be! an

eXt.endable comm~onent and the cost or f sr:to was ',w eno.ug to

'sovthat conception. However, a recent rDrneen ov o' ve s a s

created a p)otential need for the use of exD: i: metals- and t ecm

niecessary to leveloo the ca-.abii-;-- shown n i. ? fo:r h inzerohange-

aot o . -InoCd es In th;is design- the anode is a simc* n:once or
-7et al 3 35 m= i diameter and '-I cm long wn2 ' isetd ot

ooo.-et- as shIown. The cath-ode was demnotunabl- e, as well .-is in t.he

Z: A E ~C- -
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disposable version, it consisted of a strip of 0.381-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

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

surface proved to be an important parameter most probably because of a

potential compensation between the angular distribution of the emitted

x-rays and the possible shadowing effect of the body of the anode rod

for some relative positions. To optimize this geometry shims were

inserted to raise the cathode blade in order to maximize the output. -

The discharge space was enclosed by a pressure shell, also fabri-

cated from cast materials with an integral window of 0.076-mm-thick

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.

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

upon the residual pressure in the x-ray tube unless it rose to approach

10 mTorr, a value near which outputs were abruptly quenched. 4
7-

Operation

Precise measurements of time-resolved voltages and currents were

rendered difficult by the extremely low impedance of the Blumlein and by

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-

ciently low impedance around 2002, 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
v. entry into a heavily screened room where they were recorded with a

Tektronix 7912AD transient digitizer. Precautions notwithstanding,

there remained sufficient RFI to introduce triggering jitter of about

±10 nsec whenever absolute timing of signals was attempted.

20
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* Figure 10 shows the dependence of the voltages measured across the x- ra:,

- diode as functions of time for the various spacings of anod.e to cath. Ic

indicated there for a charge voltage of 22 kV. in contrast to ear!l:r

* -. impressions,zz it can be seen in Fig. 1O that s ignif icant v~~

multiplication does develop before enough current is discharged throuugh

the xra diode to limit further ringing of the volItage to even highe

-values. For electrode spacings producing useful-i- amounts of x-ray.s the

peak voltages typically reached values of 1.3 to L.5 tin-es the cag

r oltage originally applied. Also seen clear>. in Ig. 10s t:he ~t

VOL TA GE IMPRO0 VED MA TCHING
MUL TIPLICA TION DIODE TO LINE

ELECTRODE SR. (mm) EXRAO
0.30 -_j scale 0.33 -

0.56 -----7FAL "ON-
-7/s

Q) 2001
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S100
*AP C- Johnson /
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(10 21
0 02550715 -100 20 5

THME (nsec.) L INE !NPEDANvCE 0,7)
:. Cure 10. Voltages measured Figure II. co:nbindtions o f

** icross the electrodes of the x-ray le in impedance and x-ray pulse -,:
"lode driven by system.3 as func- ration displayed by devices con-

t ;ons or time ,or the various spac- structed in this: quarter. For com-
Ings of anode to cathode indicated. parison the solid lines plot te
-,harge voltage of the Blumlein be- ranges or parjne ters spanneJ
;ore cor=nutation was 22 kV. earlier sources diescribed in t Ie

review or Ref. 2'7.
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to which smaller discharge gaps facilitate the earlier initiation of the

switching" portion of the waveform during which the multiplied voltage

is rapidly falling and as the current is presumed to be rising.

In contrast to earlier pulsed x-ray devices described in the

literature, 27 the systems we report are apparently the first not choked

at the head. The extremely low profile of the x-ray diode resulted in

an effective impedance of about l-2f0 at the frequencies characteristic

of those in the voltage waveform. Thus, the diodes were reasonably

well-matched to the Blumlein during the most important part of the -

discharge of the current. As a result, the output pulses were found to

have durations comparable to the transit times of the lines, an aspect

not seen in previous devices. In fact, the combination of pulse

*, L duration and line impedance represents entry into a new region of

parameter space, as shown in Fig. 11.

X-ray outputs were detected with three different systems. Measure-

ments of absolute pulse energies utilized a moderately fast scintillator

plastic equivalent to NEll4 with nominal 7.0-nsec decay time. The

resulting light output was detected with a photomultiplier having

L.5-nsec resolution and integrated with an EG&G/Ortec charge sensitive

preamplifier. Calibration was obtained by comparing the time-integrated

fluorescence from the plastic detector when illuminated with geometri-

cal lv attenuated x-rays from the flash source directly with the level of

excitation produced by a radioactive source of known characteristics.

-his technique was used to determine the dependence of the total

energies in the x-ray pulses as functions of the important experimental

variables.

More direct measurements of the time dependent evolution of the

output intensities were made with the other two detector systems. In

one the scintillator in the above system was replaced with a faster

* pi3.;tlC. equivalent to Pilot-U with a nominal 1.36 nsec decay time and

the hotomultiplier anode signal was input directly to a Tektronix

71 .7 A transient digitizer. Numerical deconvolution was subsequently

empl-ved to remove the combined time constants of the photomultiplier

and plastic. Attention to the reconstruction of the baseline after

deconvolution enabled an empirical time constant of 3.5 nsec to be
identified as being the most probable value in reasonable agreement with

22
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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 PIN

diode with I 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

1 .absolute scale of intensities. Comparable data taken entirely with the

Lscintillator/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: Typical dependence of
ADJSTABLE output x-ray power emitted bv svs-

tem B as a function of time for the
X-RAY LSE DRA different electrode spacings shown.
_____ ____Charge voltage of the Blumlein was

22 kV.-

10ELECTRODE Sp. (Mm) 2k
'- 150 - 0.30 "

0.81- 0.56

, 100-
,'.

S-50-

C1 X 4

0

0 25 50 75 100
TIME (nsec)
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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-rav

- - emissions were found to occur. As mentioned earlier the triggering was .q

not entiiely 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

'-"'/J 50

>

50 OUTPUT "L

I 25<
VOLTAGEI

2 25

7--7

• .q -- K. . . ,

Figure 13: Typical relationship for the voltages and
output intensities measured at the x-rav diode. These
particular data corresponded to a charge voltage of 22
kV applied to an electrode spacing of 0.56 mm by system

do'- " B.

4B.
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waveforms. The resulting standard deviation of the timing skew between

the curves shown in Fig. 13 was 3.1-nsec.

wi For each of the three devices examined in this first phase, the
.. -x-ray fluence delivered to an external target could be visually examined

for uniformity under both single pulse and higher repetition rate

" - conditions by allowing it to fall upon a fluoroscopy screen of the type

*.* used in radiography. A uniform pattern, sharply delineated by 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 distribution of

densely packed sources along the length of the anode. Resolution was

sufficient to show that the emission occurred primarily from the region

between the anode and cathode, presumably from vaporized anode material

*-, being accelerated toward the cathode. Operational>v the x-ray 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 fecund

to be an optimal value of anode to cathode spacing. Figure 1, shows the

typical variation in x-ray pulse energy observed as that secaration wao

changed. Such data presented the same general trend, tnus refining the

impression given in the preliminary report.11  The trend displaved in

Figure 14: Total x-ray
pulse energy emitted near lA
under single-shot conditions

- (1.4 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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Fig. 14 at smaller values of electrode spacing was entireLy r-r:o,

able in this work and is readily comprehensible in the context or r s

iO and 12 showing a decreasing pulse width to result from more narr,:,we;

separations.

To within a few anomalies discussed below, the output energies. E

emitted at the optimal electrode spacing for a particular system scaled

as

E AZV (8)

where Z is the atomic number and V the accelerating voltage, in general

agreement with algorithms describing the f::ons:v from traditional

continuouswave (cw) x-ray tubes operating at constant current at

voltages reasonably above threshold, when adjusted for the fact that in

these devices current is proportional to V Figure 15 ill'stLates this

behavior for operating voltages sufficiently above threshold

The scaling of x-ray outputs to larger values with increased system

size is also shown in Fig. 15. in addition to the two larger devices

Figure 15: X-ray pulse energies
emitted as functions of the charg-
ing voltage of the Blumleins for X-RAY OUTPUTS
two of the three different systems
.n Table II, together with a Larger
scale device, FALCON FALCON

Lscole 0 33 1 L

: EXRAO

70 T
UO I

001, 00 10 30 30 40

CHARGE VC_ 4GE (kV)
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d= iU~d in Table II, the outputs from FALCON, a large scale system,

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. 16. in future operation the

3lumleins will be lowered into the oil bath on top of which they rest in

" - the photograph.iI
With the larger devices considered in this work x-ray pulse ener-

S. gies were found to remain largely constant as the pulse repetition rate

was varied over the range from I 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 by the

primary power supply to the pulse charge system prevented the actual

operation simultaneously at both the maximum-, values of repetition rate
.ind ar vnltagps higher than shown in the figure. However, the absence

of any significant variation in output pulse energy with repetition rate

indicates from Fig. 17 that average powers in excess of the 32' A. shown

f d.

Iv .

F.Figure 16 Photograph of two of the

FALCN class flash x ray devices
27
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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.

HIGH
REPETITION RATES

._- .: -, - s.- e 033

/..-..

.3

4.- . -'i ' <
'7

.. _

Figure 17 Average powers emitted as x-rays
.near 1 as functions of the pulse repetition
ries for charge voltages of 28 and 26 kV onto
-he smaller and larger systems shown.

28.0:I



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.

MR 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

UThe results of this quarter's efforts in developing laboratoryv

-. 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 radioactivity 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 suc~h

sotrces can only be pulsed with relatively slow mechanical shutters.

Reported here has been the successful demonstration of full-scale, flash

x-ray sour-.es of radiation for the 3-30 keV range of energies. They

produce 210 nanosecond pulses of up to 6800 MegaCuries peak strength
emitted into a continuous distribution of the linewidths that fills tlhe

-4range of potential interest without gaps. :his is 27 Ci instantaneous

strength in each 40 .eV linewidth for nuclear absorption in the materi-

- als to be tested. Over a hundred such puls&es per seccnd can be produced

with the existing device.

TABLE III

% IRBRADIATION DEVICES ONLINE IN 1986

AV. POWER CONTINUUM EQV. ACTIVITY
(Watts) (Photons/sec/0.l%BW) ki'.B)

EX.RAD 0.03 1. 9 X 10.:'

'ALCQN7.3 -10.: 30

C;EMINIX 0,6 4 X 1011 6000
-. Two FALCCN

modules)

%d
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7or comparison the largest syrnchrotron vetz d~ Signed (ALS) i

* rroected to give 0.86 Ci simultaneously into each of the much more

restricted range of linewidths generating a total of on>- 0.22 MegaCu-

ries per pulse. M~ore pulses per second can be produced than can be usedi

because the fLuorescence of a material under test must bie allowed t

dIecay, before a new pulse can be introduced. Generall te 1-is aDL

repettt-;on rates cannot be high enough to offset the lower inzenss;t~s

s o that wleteAL-S will be 1000 times more expensivre t ijl no

as err-ectve a source as our flash x-ray device for chnaracterizing the

. "r~etics of candiiate materials for a zammarav laser.

-ur current pLan of work projects the constructLcn cta consteL-

tl;on or FAL2C:-N-sca-e devices, svnchronized to producea iI

arrproachiing a ki'LoCurie per Line. A scheud increase in oreratzn.

volt.ages would e-xtend coverage over the fulran~ge 3-2CO V

4-A
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FREQUENCY MODULATION SPECTROSCOPY

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 ;ntensities that

the detection of two photons would be probable in the tzansit time spent

- between source and absorber. Under those conditions the perception of#6
gamma rays as streams of particles is instinctive. Nevertheless, as

elements of electromagnetic radiation they must also be considered as

carrier waves of high frequency. Early in the development of Mossbauer

spectroscopy, the frequency modulation of such gamma-ray "carriers" was

demonstrated by Ruby and Bolef in a classical experiment.- Sy imvosing

periodic Doppler shifts of purely mechanical origin upon a Mossbauer

source in a simple transmission experiment, they develoed sum anc

difference frequency spectral lines displaced from the normaL m-a-rlv

carrier frequency by integral multiples of the mechanical frequency. -r.

.fact they produced sidebands on their ga-,ma-raw srectral Lines

In the late 1960's Mitin ' reported a theory which crecit. .t

sidebands of an equivalent appearance could be g'neratze X '...

- Mossbauer transitions as part of a 77,t 11 tcc n 2rOc -S'

* #_ im.mersed in intense radiofrequencv 'rf' iLdc ' i rit

'-" '.', effects arising from such different origins provided the bis fr

'- of critical controversy which continues to the cres~cnt tir.e E

our coherent pumping scheme has a generic relationship to te cri:Lna

Mitin proposal, we inadvertently inherited some or this arcane ont-ro-

versy. Unfortunately, several of the early, experiments were awe

the technological and conceptual limitations of the times, and it wa,

necessary for us to focus considerable effort this past liar-er iu,

reexamination and extension of the critical experiments %hWih hod

- launched the original controversy.
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The earliest actual experiment in radiofrequency sideband produc-

tion, reported by Perlow 31 in 1968, focused upon the components of the

14.4 keV transition in 57Fe. Several 57Co sources diffused into ferro-

magnetic hosts were immersed into intense magnetic fields oscillating at

radiofrequencies. Those results were explained3' as the magnetodvnamic '

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 magnetodynamic explana-

tion which required no mechanical action, 3  3.33 while the other group

began to develop an alternative based upon magnetostriction. 3' 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 Bolef2 3 were assumed to be driven by

acoustic phonons which were excited by magnetostriction along the

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 body 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 early time fared

no better, and attention unfortunately turned to "proving" a magne-

tostrictive origin by distressing the alternative explanations..2 The

obvious difficulty with proving a theory by distressing the alternatives

O is that those other explanations may not have reached comparable levels

of maturation. The magnetodynamic models of the late 60'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 readily seen in

hindsight to be neither surprising nor significant. Those models simply

did not embody the level of sophistication necessary to describe the

complex switching behavior of magnetization in ferromagnetic foils
subjected to various combinations of static and oscillating field.s in

those geometries employed. It is now accepted" that siu- h me
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tries oscillating fields are produced bv the various precess.-. a

have substantial components, H, normal to the .ma'or faces.

From current perspective it is the benchmark experiment retorted bI

Chien and Walkers3 that forms the bulwark of the magnetostrictive-acous-

tic explanation of Mossbauer sidebands In that finely execute:

experiment, an absorbing foil composed of ferromagnet'c a.d ncnmagntt::

layers was used to study transport of the causitive agent from t:"e

ferromagnetic layer into the nonmagnetic, where sidebands were produced

upon Mossbauer transitions of embedded Fe nuclei. Very clear evidence

* .showed:

S, that cause did arise in the ferromagnetic N' liv'-ers .
* - sidebands only in the nonmagnetic stainless stee avers.

that tight coupling between Lavers favored tne :.:c Lt i n r,
sidebands and poor coupling attenuated it

These results seemed conclusive in demonstrating the ca-se ic A rsn.;-

port of phonons from one laver to the next with a high ac'.:cti

These experiments were repeated in the work reported here.

extensions which seem to contradict the classic inter~retax-:i

Three experiments were conducted in this past q'-art~ r

was designed to elaborate upon the Chien and alker ;a- t

the importance of tight coupling and high acoustic

Although not unique for all sidebands in a secr':- :v i -

modulation index, m as a measure of the strength of the .>-1.

the sidebands offers practical convenience :cr

magnetostrictive origin

71 = X/

-where x, is the amplitude of the rii ,c

0 .L37 for the 14 4 keV lime f .. .

. d';namic model,

" ~m = L ."

-C

where H is the ani c 1 -an et ,'

between H. and H For re ati'.- v.L , .

neg'ligi.e, the ritLo of the -,],;ni : . r.,
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intens:7 in the original parent ine is pr-nr- I .

turn 1a :roportional to P. the applied ra :rrev:--

ine of the most compelling results preIente :I'- i:.

was a iemonstration of the enhancement or -n - i -.

acoustic coupling of layers They found that .

stair e; foil produced much higher vafieS 7 3 r7

excer,me ts than could be obtained by gluing a Ni f:> to :':e tais
ioi I hev attributed the difference to the obvious>:w'.r ,,rer acusti

properties of the glue. However, as part of this report we observe that

their 3-Anless foil was electroplated on both sides with Ni while the
epoxied bond was used to join a single Ni foil to one side of the

stainless absorber. While the m defined by Eq Y could not be

additive if produced in different magnetostrictive layers, in principle

the _ ipon which m depends in Eq. (10) could add coherentlv Two

sources of m arising from distinctly separate sources could give a

resulting modulation of 4m, in a magnetodnamic model. This is about the

magnitude seen in the data of Ref. 39 of the difference that resulted
from excitation with two electroplated layers in comparison to excita-

tion from one glued layer.

in our first experiment we observed that simple contact of two Ni

driving layers w th an enriched stainless foil between them seemed to

provide as favorable coupling as did electroplating. Moreover, we found

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 im thick stainless steel absorber foil was wrapped with a

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

thick Ni driver foils. Microscope cover slides on the outer surfaces of

the Ni foils provided mechanical strength. The insets show the essen-

tial results. In Fig. 19a no sidebands are seen in the absence of

applled power and in Fig. 19b sidebands are evident at 6 watts of power

into the coil containing the assembly in a resonant circuit of electri- -2

at 22 MHz. Perhaps t is possible to imagine transport of

"hon ns in such a system, but it should be noted that the tissue was

:omposel of random arrays of fibers with diameters considerably smaller

than a wavelength for a vibration at these frequencies, characteristics

presumed in the Literature : - to provide a reasonable barrier to the

transrer of vibration.
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Figure 19: A scaled figure of the foil arrange-
ment designed to insulate the -"Fe enriched stain-. less steel absorber from phonons arising in the Ni ..~foils. Figure 19a) shows that a single line ab- O

sorption spectrum is obtained from the foil ar-
rangement when no rf field is artlied. Figure
19b) shows that sideband absorptions can be in-
duced in such a mechanically isolated absorber
foil.
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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 Am thick. The Ni foils had been cut from a single sheet of
polvcrystalline nickel, supposed not to have been magnetically textured

'e assumed that the magnetic easy axes in each component crvstallite 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 yielding a

modulation index of 2m2 from the pair. As expected, both the trans- --

ferred displacements, x, and the m resulting from the fields H appearing
in Eqs. (9) and (10), respectively, were only randomly correlated

• between the two distinct sources.

'When the foil assembly was biased with a static magnetic field

applied in the plane of the foils but perpendicular to the oscilLat...,
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 m2 could be more readily visualized as

*"-:,being nearly proportional to sideband amplitude. However, values

... actually shown were computed according to the prescription of Ref. 3?,

Figure 20b shows the comparison between the effect of one source of

excitation with that from two when both were biased with the static
-.eld. In obtaining data for this comparison the product of rf power, P

dnd 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 sane

solenoidal rf field. In this case the modulation index obtained with
the two driver foils can be seen to be 3.2m-. where T- is tn* index

produced by a single one of the foils. 'while it is inconceivable !hat

the localized values of the x from separate foils could becan7e corre

-ated it is possible that the m in Eq (lO) co,_!,
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'Cigre2a An 7e enriched stainless
steel foil (SS) waS sandwiched betweenCtwo Nic'keI driver 'c'is and placed-

/ ~n mutu-a-y ren~sa static and rf-
B-fields. Three diffren, a s o r ti T-

7spectra were E 1 :"t rt

pl ed rf -!,e 'Ire- zc-
uc - -at -re -r ceta~are a

z . h h e c, o;e r o r me a 7eA r fa ir
ear- scale was derived rm te .e S

or hes sdebands a... 5 a ra: o
1:2:4 (refer to0 ins e

Figure 20b: A n e n r-hned s ain Ie ss sm~
- oi.' with a single e cr -.e r

was placed in..- ,ima~ in pe renc c~ r

static and rf 3-fields~ .The cower or
-the applied r-f was .Vatms

t-rum thus ob-ained is Dioted al o',
e s pth e specrum obtained wit -h t wo \

-- driver foils at 4 atm:s rr so that r
q Icentral peaks are of a constan h~e

Thne f irst orde r si:' Daand fr ,7 thes n
driv e r a r ran g n: wcL te n 7 ei u r
relative to the srl eie n~I ~ ~~~20a. It iSseenthtterio rte

-intensities of the first order s idebands
produced in a foi Jd 1-riven oni one si ; to4 uoeproducedin a-, -I Iriven "nto

ld sabout 1 rf r t ne
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T': )as would insure that th ~i:g o h asi>:

* ;:.a I itestarted in thie sanem~ pee as t: rr :

~'.: :c eof osc ilat ion -h'~s would, insuire -rar i Icrr-- ls 1. 7-. r,

rwr-ar :omponents of thle ma vne t: reld I rtr7dn. - TJ h. l,

:na thirdA experim7ent we- ittumpted 4,r:e 7 :-h~r~~

- >atonindex. m- scaLed with the gntsrcie rpr>

it- -jer or with its per-neability, in essence whether-iw m c -
-4, : gien by Eq (9) or Eq (10) T hss~ec

i: >rber foil was first wrapped in a single foil i ~_:-
and tIhen sandwiched in graphite Plates rtnr-

:s Data shown inFig _3a wpre obtaine:,

r, Dy1 W ofr radiofrequiencv, power aip:.

.i -n ng rthe c oil, with the 11- a ct %)r arrang - "'Ir

-lipfft order can be clearly ,cen Fo r c, -:jar> n t'eseto

* ~nedi fo.r the stainless foiL in the leld bu 4' S Ir

wnin Fi-g 21 and the spectrum of the niat--ral L rM w r~:i r n

.:e J s shown in Fig 2Ld. Tni the latt.er -aste -ie - aL74

* *'~:;; o ne and siaeband components at thsfM-:~':i~ '~

r Vce r.o ipp~rec iable structu.re :-ic ireement w ::r-.. ::.

Ibure r1 - oti r A -im~''

~ ~ MHz Pf 3 ll U

Woatts

~-.. .- ~-'a) Fe ercei;a
- ~ ~~ fil e nveloc 2

driver f:oiL

C) re enric:h'., i
pox on lv
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<a rio bei ng 3 3 to 5 in ustomr _,n;_ s

pth ck, wrapped around the same absorbe r i tb i:- -7.i:2'

7 era -,ar e isunanimous in a ttribu. ing lar g r Sii 7 r>

:r rers so the more substantial deve'lopment o. s

'lr'ver seen i Fi '!a and 2bcomplet, l:

-.agnetostrictive origin of the errfect .

ThLe confirming the experimental

_i e r paper., theze new results go bey;ond -h. ,

~n t ime and di-;spDLa,. b e havio;Dr s c om p

~r aui t;na L mag n t osr c t iv e- aco u stc or in If rczoC>

e ~cntv it'as been reported'-- th. at in- SO-e A:-~2

tdb a n d inte n s ities d eve Io p ed byv r f feIds onr Mc ssb a,-,er

,e jiuantitatively explained with a multiphotc-n 7c,'e- 1 L

Ire;sed state theory of Cohen-Tannou.- The s --

e xperiments were perceived as arising from gamma-rayI. !7rans. lu

nuclear states whose energies had been shifted by int*, ,r b

h!e quanta of the electromagnetic fleld dressingt. 7,

o.i view or the successes cf that particular mgeo~

- rcumstances and these new results contrad icting the

*nand Walker~ experiment, Jit wculd appear that::

.. e orgin 3of Mossbauer sidebands c-annot vtf -,eos~

t i's nos t re asonab Le t o e xpec t that s me combina i i,

71oin rc -ind acouist -*ccaus es c an prov ide a c imp.rehens ive e x-o inu

*-lihe c.-7plex accretio,',n of phenomenolg toD whic' h we

7, W a se C s, 'jut fu-rther work will b't neeie to;,,Ari

.9mstance-; T-e or the other domi nates S:h e:<xeri>:.

~eittn e~s rour activi Ies along these :.2es

41

6,%
Mikdih1



Instrumentation of FMS

IThe sum and difference frequency sidebands produced on intrinsic

Mossbauer transitions has made possible very effective new instrumenta-

ttn for high resolution spectroscopy at gamma-ray enorgies, A proto-

-e version of this Frequency Modulation Spectrometer (FMS) was first

escribed- by our laboratory in 1985 and subsequent refinements were

i m--ade with support from an earlier ONR Contract followed by work per.

"ormed during this reporting period. This device monitors changes in

• e intensity of transmitted single-frequency gamma photons as a

t>-nction of frequency of the long wavelength photons of the alternating

.A4 7 etic field in which the absorbing nuclei are i-.ersed.

*At the heart of it is a multi-channel scalar (MCS) and !EEE-463

:3 interface with an Apple II+ computer (Fig 22). The MS was

-tsigned to have a 100% duty cycle. The GPIB enables the spectrometer

'D sweep continuously through the frequencies of an rf magnetic field

wth a Wavetek frequency synthesizer. The Mossbauer drive allows the

. re2 iency of the gamma photon to be biased by a constant Doppler shift,

-i desired. The spectrometer in its present form has an instru-mental

rtoLution of 100 Hz and a range of L03 Hz with a stability of 0 -

H-z,sec with a stationary source. These characteristics are comparable

to having a Mossbauer spectrometer with a means of Doppler shifting the

0anma-rav source with a resolution of 10 nm/sec and a range of ,.'

-7.,'3ec with a stability of 0.01 nm/sec/sec.

In operation FMS of U'Fe provides a direct measurement of rf

s'JAeband positions and intensities, from which one can extrapolate

- . in-ormation about the transitions between Zeeman split energy levels

' parent transitions), labeled I 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

order of the sideband) added to or subtracted from the parent transi-

tion The symmetricallv opposed parent transitions I and 6 are separat-

ed by 123.7 MHz Applying a 61.85 MHz alternating magnetic field to the
.'-Fe f oil produces (+I) and (-6) sidebands which overlap in the symmetr c

"enter, or transition center, of the hvperfine structure of the 'Fe

42
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The energies of the gamma ray emitted by the sour-:e and the transition

center of the absorber differ by the isomer shift, (Fig. 24a) In FMS
the Stokes sideband from parent transition 6, (-6), would be detected at
a frequencv of (61.85-.1) MHz while the anti-Stokes sideband from parent

transition i, (+l), would be detected at a frequency of (6L.852) MHz"
:F 2-.b and c). Therefore, FMS should produce a spectrum with two

peazs around 60 MHz, separated by 2A.

If we apply a small Doppler shift, , to the source, we should
'tain an FMS spectrum with two peaks around 60 MHz, separated by 2,- +

Fig 25)

0 SC', C E

RANSi-CNI
:ENT ER

J -

i r e 24 Ho w FMS measures isomer shtft -
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Figulre 25: Typical FMS spectra.
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"1-
flassical':, the frequencies at which sidebands appear, ra, is si7,ply

fs (MHz) = v -(P. + iso)1 *11 6/ord). (ii)

where P. is the position of the j 'th parent transition (7.m/sec), v ' s

:he velocitv of the source (mm/sec) ,iso is the isomer shi ft '=/sec 2

and ord is the order of the sideband of interest The sou-rce uised ;as

in a Pd iattice (iso - -0.185).

Rf sideband positions are also apparently afrected by the tnsy

.2of the rf magnetic field (Fig. 26). It is vet to be determ.ined whet her

sideband position is a f:unction of intensity as well as frequernc- of mne

r: magnetic field, or whether the temperature sh:m- of the -parent

transitions is being detected, or both. Since we start wit h a ne ;jtsver

isomer shift, raising the temperature of the absorber shou.lJ r e dce e

energy difference between the source transition and the t rans:- :-,n

*center of the absorber. Therefore, increasing the rf f-.lA

should raise the temperature of the absorber and in tu-rn decreas;e rl-e

.somer s hi ft.

20

4-)

I C

45 60 75

FREQUENCY (HvHz)
Figure 26: Erfect of field intensity,

on sideband positi-on.
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seems clear that, in addition t-o providing informat 4on aL~cut

~i~eaid ntens ity and nos it ion, FMS could also prove to be a means for

.r c t and ac cura te measurement of isomer a nd t empe ratu,,re s Irts

s~ecroscpicquantities that are diff icult to measure with Mossbauaer

jpectroscopv as usuaLly practiced because or the difficult'; in ob t amn r

il .sd ve oc ties wi th such preci se conTtrol. -or the niurmoses ot:

th amma-ray aser program it is mhe combina t 4on or narrow ~srnna
w4ith and Large tuning range that otfers tegreatest attzract'4. -s.

lo dress an isomeric state requires a certain arrangttment or

nucearleveLs t.hat would make them undet-_ec-able to conventionaL

techniques of nuclear spectroscopy. Our method of EM"S is the on',. means

fo0Und to date that can be used to search for tho's combinat~on among - e

ibest candidates. The successes or the new EMS apparatus tot nuz~ear

s'ectroscopY indicate that a mucnr higher resolution, by perhaps several

more orders of magnitude, can be achieved through a reasonable urngrade

of the apparatus. 7.f the range of tun~ability-, does extend to tn-e

terromagmetic spin resonance (FSR) f"requencv, then it- will be pc:~

to. construct a swept frequencv device cacable of cocn t -'inuo u s>:n

oDver a range of L11 I ne-widths, an enorm7ou-s :7mrovemtnt "r, .

ofr-the-art of nuclear scectroscopy.
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Si.APPENDIX

CENTER FOR QUANTUM ELECTRONICS

.\.:VERS:Y OF TEXAS AT DALLAS

General Information

The Center for Quantum Electronics was established at the University of

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 or

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 years 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 Physics and Solid State Physics. Such a fusion of concepts from

different fields of inquiry forms a fertile atmosphere of scientific

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 0

Ph.D.s to date. The Center employs 34 staff members, both as research

professionals and support personnel. Working on the gamma-ray Laser

project are 11 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 remodeling 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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