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TIME-RESOLVED X-~RAY DIAGNOSTICS

P. B, Lyons

Los Alemos National Laboratory, P, 0, Rox 1663, MS 410, Los Alamos, NM B7RUS

ARSTRACT

Techniques for time-resolved x-ray diagnostics will be reviewed with emphasis on systems

utilizing x-ray diodes or scintillatore,.
diagnostics will be emphasized,

multi-GHz amplifiers will be presented.

System design concerns for high-bandwidth (> GH2)
The limitations of a coaxial cable syatem and a technique for
equalizing to improve bandwidth of such a system will be reviewed.

Characteristics of new

An example of a complete operational system on the Los

Alamos Helios laser will be presented which has a bandwidth near 3 GHz over R m of coax, The
system includes the cable, an amplifier, an oscilloscope, and a digital camera readout,

Nanosecond and sub=ns time resolution of low
energy x rays may be achjeved with at least ‘hree types
cf disgnostic systems, Photoelectric x-ray diodes cr
scintillators and optical detectors provide electrical
signals for electronic recording and prccessing. The
rliotoelectric process may also be used to provide a
source of electrons for defiection {n a streak tube.(1)

The first two types of diagnostic systems will be
discussed in this paper. The paper is organized in
sections that high)light specific sub-systems: the
otector, the cable transmission system, the data
‘ecorder, supporting instrumentation, and system con-
siderations, Examples will be drawn from experiences
at the Los Alamos Nationsl Laboratory with the large
€., laser systems (primarily the Helios syster), The
final section reviews the parameters of an operational
syster at the Helios facility which is providing a ?
ubz bandwidth over 2 m of coex.

X«RAY DETFCTOR

X-ray phctoelectric diodrs provide a very simple
fetentinlly, very righ speed, detector for low
erneryy x rays, The detector relies on x=ray inter-
action {n an x-ray photocathode with »subsequent releane
! photoelectrons, Auger electrons, and secondory eleca-
trens from the material surface,

The sensitivity of the detector is approximately
projortional to the x-ray attenumtion coefficient and
deronstrates increased sensitivity in apectral regions
(at.ove x ray edges) with increased attenuation, The
detector current {s dominated by secondary electrons
ant {8 thus very sensitive to surface conditions,
“urface conditicns are, in turn, strongly influenced ty
the techniquen used to prepare and store the photoe-
rathode, These concerns, 83 wrll as dete)led sensitiva
1ty data, are available in published literature, (P=3)

The time response of an x-rasy diode {8 governed by
airple considerations, The detector geometry resembles
8 jarallel electrode configuration, The response in
ruch a gecmetry {s simply calculated,(d) The rise time
{8 given by the time for electrons to tra erse the
whode=cathole gap, ihe fall time js given by the RC
tire constant., The transition between the diode and
the transmission line must be cerefully engineered to
rinimize reflections, A poor transitjon can completely
dorinate the excellent time response possible with an
ojtimized diode geometry, Rise and fall times bhelow A0
'S have Leen demansirnrled in an x-ray diode . (Ff) A FWHM
fur such & diode helow 50 ps should be achievable,

Scintilletora sre alao useful for Jow energy x-ray
detection.(6) In a scintil)ator, the energy of in.
cfdent x rays is transferred to excitation of the
solvent (base plusatic) molecules with subsequent trans=
fer to other scintillating molenulsr species, The time
reapons. 13 dominated by the {nter-mc)ecular tranafer
times and thye decay time of the final scintillator
molecule, Standard commercial scintillators provide
time revponse us short as 1,1 1.8(7) and special
acintillators provide time responae below 200 ps with
reduced 1ight output.(8)

The choice betweer i-ray diodes sno scintillators
depends on several factors, The dindes will provide &
faster system but require conajderable care {n surface

el

preparation and protection for accurate meanuremerts,

A good vacuum, below at least 107% Torr, is essentis)
for operation, Gain is achieved only with electronic
amplification, The scintillators are less sensitive to
vacuum requirements and care in storege tut reguire
that Lthe photodetector be shielded from all extranecur
sources ot visitle light, Cajin is casily achieved if
needed with photomuiipliers (FMT), but the FPVMT mpy be
susceptible to high energy hackground photons in the
same environment,

In Fig. 1 a sensitivity comparison between KF111
rlastic snd a windowless Al x-rav diode is piven, The
rlastic is assumed to he coupled to a photodiode with a
typical S.20 surface. At lower enerpies, the x-ray
diode smensitivity is superior, forme x=ray diode
surfaces show sensitivity well ahove the Al diode,'”)
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and scintillatart senajtivity for low Xaray energien,
The acintillation musat he mepsured with aome type
of photonennitive detector, Thia Afetectnr can be n
simple biplanar photodiode or a phetomultiplier (PMT)
with significant gatin, Feveral typea of PMTa with
sub=na responas are available (0) The faateat auiteble
PMTA commercially avallable utilize a microchannel
plate (MCP) un the grin ntage and provide a FRIM of pre
ps. Piplana» diodes are avatlable with FWHM of 100 pa,
bul do not provide pain, Faster aolid atate devicea do
exiat, but their ver,; limited detection areax are not
ugually compatible with scintillatora., When a PMT {a
used, attention must ts given to limitations on penk



linear charge and/or current output capability of the
unit, Most PMTS have definite limits or these output
values which are largely independent of PMT gain,
Operation of a PMT at high gain can restrict the dy-
namic range of the instrument to a verg smalil valvue,
For most applications, gains of 10-10° are optimum,

Either scintillator or x-ray diode systems can
rrovide sensitivity in selected x-ray cpectrsal regions,
The x~-ray diodes show a rapld variation of sensitivity
with x=ray energy and demonstrate significant changes
in sensitivity near x-ray edges of the cathode
material (ef Fig 1), Scintillator sensitivity can be
varied by changing the thickness of the scintillator,
thereby altering the sensitivity at high energies. The
system sensitivity cen be furthe: defired through the
use of:

a) x-ray reflectors - providing reflection only

below @ critical energy.

b) xe-ray filters - previding transmission as a
function of the raterial attenuation
prorerties, Toe use of x-ray edges can
frovide ~crs deratle spectral resolution,

¢) xeray fiusrescers - providing (ideally)
sensitivily only for xe-ray energies exceeuing
tre xaray edge of tre fluorescer,

3} Frepg reflectsrs - providing reflection only
whenr the Pragg cerditions are satisfied,

e) grazing inciderce pratings - rroviding
refllectiorn when the gratiny equations are
satis? 4,

l.ow anerpy x.ray systems f{requently require the
use of very thin foils, fuch fcils can bte relled,
stretehied, or vacuum deposited depending on the
jarticular material,

Many low=resolution systems use either a filtered
tiode or A filter-fluorescer peometry, Fipure ? pro-
vides an example of filter=-fluorescer system senaitiv.
1y for a detection channel intended for temperatures
rear Y keY, The system consists of a Ni pre<filter and
n Tt fluorescer 1nlthe xeray beam with a T{ post-filter
<t AL diode at 90 | This figure shows the variation
it channel reaponse vs x=ray enerpy an additional
eirrents of the channel are {ncluded, Filter-
[iucrescer systems are much less sensitive thaun
fi.tered diode systemx, For meny applicutions in ICH
dimnestics, the filter=detector system {a used(10) and
tytienl responses are piven in ref, ¢,

DATA TRARSKINSTON SYRTEME

Coaxia) cabies are far from perfect transmiasxion
redin,  High bandwidth signals sufler serious din'.or-
tion @8 they propagate along coax cables, The simplest
rolution would {nvolve location of the recording tn-
strumentation very close, within a few meters, of *he
detector, In practice, however, this ix not a feasible
alternative, Rignificant radiation and electrical
tackpround can be anticipated near the target aren of
tny laser system ang an e-bear purped laser (like the
les Alsmos Helios laser) would he an even more diffi-
cult environment, 1In additien, permonnel are exclixied
fror the target area during testa and the recording
equipment would have to te remotely controlled,

Kadiation backpround provides a particularly
severe problem wit» modern hiphr speed oscilloscopea( i)
which utilize a micro-channel plate (MCP) gpin element
preceding the phosphor, The MCP exhibita saignificant
radiation mensitivity,

Theae considerations require that the recorder he
located some distance Crom the detector, Thua coax
linea, typleally P0=UC m in length, are required, The
severe limitationa of the cable then tecome a serioua
concern,

In Fig, 3 the atltenuntion in db is shown as »
function of trequeney for 37 m of several types of high
frequency cable, Larger cable shows signficant]y lower
loss at oll frequencies, but ather considerationa argue
ageinat the large cable., Aa practical matter, th-
larsest cables are extremely difficull to handle, A

non-linear phase characteristics of several cables are
shown, Thus while the largest cahle has the least
attenuation, it shows the greatest phase distortion, &
coax system will "ring" or oscillate at the spprovirete
frequency, rR. where the dispersive, or nonlinear,

phase shift exceeds 1800. In practice a system will be
stable if the ringing frequency is attenuated by 7-1¢
db below the attenuation at the half power frequency,
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Tn Fig, ?n the * «eV Planck aource (8 nttepuated by
tranamiasios through the N pre-filter, When the T4
fluorescrr {8 added {n Fig, ?t, only enerpien above the
Ti-K or'ge contribute fluoreacence at on',  Al) sperpien
Al B0 scatter off the Ti fluorescer fofl, A T¢
poat-filter provides nlipht addftjons) shaping and
preventa any IV Lipht from reaching the Al diode, The
al diode (with a Pe entrance window) than detecta the
predominantly T4 fluorenacence {n the an heam, The
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hatiisan tha T_V and K_¥ ndoew.



In Fig.

each ceble., Note that the largest cable rings st about
2.5 GHz. The ringing frequency cer also he thought of
as the approximete frequency sbove which modes other
than TEM can yropogete. Cable ringing {5 chown
experimentally in Fig. 5 where a short pul se was used
to exzite a 15-m length of larg> dismeter cable, The
cutput was measured with 8 sempling system.

3, the ringing frequency, l‘R. {s shown for
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The bandwidth ol any syatem can he improved
through equalization. Thins technique involves the
{ntroduction into the line of a high paas filter whone
frequency characteriatica compensate for the frequency
roll=off of the original system. Tho aystem

sensitivity is reduced but an improved system bandwidth
results, This is 1llustrated in Fia, €p. Tt is impor-
tant io note that equalization may he applied to any
electrical system whose frequency characteristics are
known, The "system” may be only a cablc, only an
oscilloscope, or a complete detector/cable/amnlifier/
oscilloscope combination.
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Pany texta denl with esqualizer technolopy(1;) and
des~ribe n variety of squalirzer conatructions {nvolving
resiative, {nductive, and capacitive elemerta, Fqourla
{zers may be matched tc the line chavrpcterintica to
provide a "matched" or "pon-reflective" vaualirer or
may be reflsctive, Wile reflective squalizera are



simpler to design and fabricate, care must be exercised
to assure that either 1) the coaxial cables are of
sufficient length that the reflections do not l.pair
the data, or 2) that the system is suitably back-termi-
rated to prevent mulitiple reflections., A standard
type of matched equalizer, the "bridge-tee" construc-
tion, is shown in Fig. 6b,

The various coaxial cable systems discussed
earlier can be equslized, However as previously
described we must assure that fR is attenuated well

below the final cable r3db‘

guice, the maximum equalized bendwidth for each cable
is presented in Fig. 3 and labeled as r3db'

Standard components may be used to construct
equalizers with frequency characteristics providing
rsdb into the 500-1000 MHz range, However, as frequen-
cies exceed 1 GHz, the standard discrete components
tiave toc much stray and/or distributed reactance to
allow construction of computer-generated designs., A
rew type of equalizer has bheen originated tc¢ address
this high frequencv area,.(13) This equalizer consists
of a microstrip transmission line to which one or two
microstrip stub lines are added., Esch stub line is
terminated in a resistor and the stubs may be different
impedances and lengths, The reflections fiom the
various line/stub and stub/resistor interfaces can be
tailored to give suitable high pass filter charac=-
teristics,

Hybrid thick film circuit technology has also heen
exylored for construction of mult!-GHz equalizers
(using conventional designs like the bridpe-tee of Fig,
(), but to date has not spproached the stub equalizer
cuccess, The stub equalizers can be bhullt with
conventional printed circuit techniques and closely
ufproach computer calculations of expeated performance.

To conclude this section, Fig, 7 is cnnstructed
frem the data of Fig, 3. The attenuation of four
jessible cable types is shown, From Fig, 7 the optimum
catle choice fer a 37 m cable length and a specific
t andwidth, can be quickly determined,

With this concern as a
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DATA RECORDERS

Few options exist for deta recording ahove K00 MH»
bandw.dth, No commercial A/D converter or tranaient
digitizer (except the 7912/direct acceas) can presently
approach this bendwidth with acceptable resclution (R
bita). S.mpling techniques dc mchieve this bandwidth
but customerily nte ured only with repetitive nignala,

Many paremeters (cost, mode of operation, detailed fre-
quency response, over-vdltege protection, etec,) must be
addressed in selecting equipment for each application.
However, as a mejor over-simplification, several
presently esvailable recorders are compared in a twe-
dimensional space (f. bandwidth vs., sensibility) in
Fig, ®, 3db
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Sensibility 17 defined as the number of resolution
elements per input volt, A resolution element ;8 der-
fined either as A trace width for an oscilloscope or p
least=-significant=bit for » digitizer. The actunl
value of senuibility quoted for emch recoraer {8 open
to considerable interpretation and is not an exact
quantity, (Various trance widths or sensitivitier mpy
he seer in different samples of a give: recorder.) The
sensibility velues {n Fipg., £ should he treated as roup!}
guides orly., The equipment described in Fip, B {8 meder
by Tektronix, Tic, (7012-direct access, 7012, 710U}, by
EGAG, Inc. (KR=?23 and KR=P%), by Lockheed(1u)
(LMe7017), by Lockheed and FGAG(1R) (Re), by n lon
Almros/Tektronix collaborationf11) (1776¢) and by
Thomaon=CRF (THCaU pnd TMCLR)Y, The Thomson=SF, the
1776, and the KR=P& scopers uae FCP current amplifice=
tion,

Al) of these recarders are elerctron heam devicen
(conventional oacilloscopes or scan convertera) excep!
the 2ingle~shot=apmpler (2=7) esyatem, Thia aystenm
utilizes aixteen 4 GHz Tektronix, Ine, apmplinp hepdn
stobed and timed by p single trigger pulae, The input
sipnal ia distributed to the 1t sempling hends,
fixteen high bandwidth aamplen are ihus recorded,
AMditional unita ean b uted to expand beyond 1f
aamplesn,

The 1776 cscilloscope 18 used {n moderate aupnti.
ties in aeveral Loa Alsmoa progrems, It aervex aa
another example of equalization technology, The re-
aponae of the banic scope, without equalization, in
shown in Fig, 9, The unequnlized aensitivity {a natout
UARD mV/em with p 7002000 M2 bandwidth S{nee the
attenuation curve ia fai~ly nmooth, the unit enn be
equalized to much higher bhandwidtha, (Not shown in
Fig., 9, but of equal importance {a that the phane
characteriatica are well behsved pant & GHz,) Mhown in
Fig. 9 in one configuration of the 1776 uned {n Reverpsl
applications. A Ui db atub equalizer {ia uaed to provide
a 1,6 Gl bandwidth at a senajtivity reduced to 700
mV/em,  The example in Fipure R wan equaliied to about
2.5 GHz and provided 1,1 V/em senaftivity, The
trade=off hetween bandwidth and nensit ivity muat be
giided hy the apecific experiment,
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SUPPORTING INSTRUMENTATION

This section briefly addresses three classes of
instrumentation which are eritical in high tandwidth
rystems:  amplifiers, test instruments, anu scope
dipitizers,

An amplifier of suitable handwidth can increase
tre sensibility values shown in Fig. &, However, the
arplifier must bt curefully tested to insure that 1t {s
net irtroducing significent distortion into the re-
corded system, Some amplifiers can introduce severe
rinfing, or other artifwcts {nto signals. e amplifier
rust alsc have enouph linear output to deflect the
chosen oscilloscope,

Test instruments are required to verify the pulse
resjonse of each component of a system, Poth impulse
and step generators provide suitaeble data for sub-
seguent Fourler analyisz,('6) Poth amrlitude and phase
rust be inspected in the Fourier snalysis to {nsure
wiequate pulse fidelity. Puluse generntors may use
cither step-recovery diodes{'7) or mercury pulsers.(18)
M.ese diodes can deliver up t2 30 V at high repetition
“ates in a 60 ps impulse while the mercury pulsers can
jrovide much larger voltages in e single shot mode.
Tunnel diode pulsers(19) can provide 20 ps risetimes
with 250 mV output, VYercury pul-ers fabriceted at Los
filamos, similar to those described in ref. 1R, have
dercnatrated o 37 pa risetime,(P0) For many appiice-
ti1ons a set of calit.rated step gensrators(?2!) which
jrovide well beheved and characterized step shapes from
P te 200 ps is very useful and can be ordered from
M, Delay linea are required to provide trigger
nivance Limes to the recorder system and ideally would
jroevide ~50 ny delsy without pulse distortion, Cryo-
grnie lines at liquid He temperatures with superconduc-
ting coaxial cables have heen documented with 70 nu
dolay and 220 GH? oandwidth,(22) Similar lines con-
atructed with 2,1 mm diameter aemi.rigid comx in liquid
N, ronstructed at Los Alamoa provide 60 na delay with a
tandwidth of ¢ GHz, The Los Alsmos delay line requires
T db equalization to achieve the bandwidth.

fampling technioves are needed to document the
performance of sever Af the components discuased in
thia paper, Samplin, asurements can provide
bandwidth data up to « GHz, (23)

The importance of teat jnstrumontation canrot be
overemphasi zed, Attempts to rely excluafvely on manu-
facturer's specifications or literature descriptions of
apecifications for similer systema will usunily he met
with serious failure. High bandwidth ayst.ems require
careful attention to all details of aystem conatruetion

and test facilities are essential, Any equalization
also demands detailed knowledge of system response,

The final area of useful instrumentation concerns
oscilloscope digitizera, For systems using scepes,
film recording mey be used, An Alternative would use »
vidicon tube to scan the scope face, Such systems,
based on SIT vidicon tubes, are in use at los
Alamos.(24) In a rapid test schedule, the desirability
of such devices is apparent,

SYSTEM CONSIDFRATIONS

The choice of a complete system must be guided hy
the experimental requirements, The concept of
sensibility, introduced earlier, has proven to be very
useful in characterizing experimental requirements,
Each experiment can be characterized by a bandwidth and
sensibility neede’ to adequately record the anticipated
data, The sensibility is deduced from a review of the
required resolution and the anticipated output signal
levels,

As an example of such system considerations,
graphs like Fig. 10 may be constructed to show the
achievable bandwidth and sensibility for several
recorder systems operating through 18 and 37 m cables,
If an experiment required 3 GHz bandwidth, {f 100
resolution elements (F.F,) are required, and if 10
volts peak signal sre expected (requiring 10 RF/V),
then the 1776 and TMC=U systems can be used with 0,7
inch cable,

The beam diagnostic system for the Pelios and
Antares laser was constructed from similsr ronsider=-
ations ,(?5) Thirty-eight meters of 0.5 inch ceble,
emplification(26), a 1776 oscilloscope, snd a dipitel
camera were usSed, System modeling guided the choice of
a 3 GHz system bandwidth, Without equalization the
system was cable limited to ~250 MHz, The system free
quency responre (lurve A) is shown in Fipure 11 plony
with the calculated performence (Curve F) of a stul
equalizer with 1R dbh equalizetion and the caleulpted
finrl system response (Curve C), A 2-3 GHz system
resulted and provided the measured response of Fig, 17,
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CONCLUSTON

In this paper the elements of an x-ray detector
nyatem have been preaented, System responses over 3GH2
tay be condtructed from the technology presented
beregn,

As 8 final topie, the subject of data unfolding
should be mentioned, Unfolding, ur deconvolution, may
tie used to recover additional syatem bandwidth.(27)

The bandwidth that can be recovered Ly deconvolution is
highly dependent. on noise eftherr in data or in aystem
resjponde, In several situationas at Loa Alamos,
bandwidth has been increased by recovering frequency
attenuation of about 145 dh, but this value dependa
criticaliy on the individuel aystem, Attempts at
exceasive deconvolution introduce serioun nolse into
the data and cen actually degrade, rather than improve,
system performance,

Proper system design is providing multi-GHy
recording capabilitios at the lLos Alsmos Nationa) lLab-
aratary,
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