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Intensified CCO for Ultrafast Diagnostics*

J. Cheng G. Tripp L. Coleman
Lawrence Livermore Lawrence Livermore Lawrence Livermore
Laboratory Laboratory Laboratory

Abstract

Many of the present laser fusion diagnostics are recorded on either ultrafast streak
cameras or on oscilloscopes. For those experiments in which a large volume of data is
accumulated, direct computer processing of the informetion becomes important. We describe
an approach which uses a RCA 52501 back~thinned CCD sensor to obtain direct electron read-
outs for both the streak camera and the CRT. Performence of the 100 GHz streak camera and
the 4 GHz CRT are presented. Design parameters and computer interfacing for both systems

are described in detail.

*Work performed under the auspices of the U.$. Department of Energy under contract
No. W-7405-Eng-48. )



I.  INTRODYCTION

Many present laser fusion diagnostics,?
such as measurements of the laser beam,
X-ray, neulron and alpha intensity vs time
are recorded using either an ultrafast
electronic sireak camera or a wide band-
width oscilloscope. The temporal resolu-
tion of these instruments ranges from the
order of ten picoseconds for the optical
and the X-ray streak cameras to a few nano-
seconds far a neutron time-of-flight detec-
tor and recording system. A characteristic
of most laser fusion cxperiments is the
generation of a very large volume of data
duc to the many parameters that are simul-
tansously monitored. To perform these ex-
periments quickly and efficiently, a diag-
nostic instrument used for laser fusion
should be able to interface directly with a
central computer, whereby direct data proc~
essing by the computer can be implemented.

The motivation behind the work describ-
ed in this paper is based on the need to
directly compulerize existing Jaser fusion
diagnostic instruments., The approach we
have chesen is 1o use 2 back-thinned RCA

2501 charge-coupled device (CCD) to re-
p]ace the normal phosphor in both an ultra-
fast streak tub2 zod a wi:. bandwith cath-
ode roy tube (CRT). The (fD ic used to
dan”ily image the electrons gonerated by
thie respartive insiruomznts.

1. RCA 52501 CCO_CHARACTERISTICS

It it important to determis
teristics of ihe ~onsor in
the device s requived to o
tho CRT and Uhe stroak cemera €
the CCP wensor is used as a d1l’LL cl echLn
jeager. The elociven excitation tise per
CCD pixel ranges from a dc illurmivetiion coa-
dition during s2iup down io about t2n pico-

sceonds per pixel during actual data teling.

tha chorac~
~de in vhich

Figure le shows the respente of a back-
thioned (v 10 pm thick) and becl e-becn i1~
luwinated RCA 520551 CCD to 4, 5 end G keV
energy electrons. For the case of the
ultrafast strezk® camera, the desived in-
formation is contained in the fors of an
intensily vs position profile. It is
thercfore necessary to determine whether
the CCD sensor is linear (i.e = 1) to
input electron excitation and f”rtnarﬁore,
to verify ihat this linearity is maintained
when the input electron pulse dx\avion is
reduced to the picosccond range {i.e.

reciprocity is preserved).
Although the CCD data shown in Fig. la

" is derived using electron pulses in the

microsecond range, similar experiments were
performed using a 50 ps 1.06 um coherent
Tight source. 1f the assumption that the
CCD is insensitive to the manner in which
the electrons are produced is valid, then
it can bLe concluded that the RCA 52501 CCD
is lincar to electron excitation and its
reciprocity is maintained down to at least
the 50 ps vange. It should also be noted,
however, that not all the CCD sensors have
this desirable reciprocity property. For
exanple, the Fairchild 202 CCD is linear in
the dc¢ illumination mode (j.e. vy = 1), but
the sensor has a transfer function gamma
value of 1.3 when a 50 picosecond 1icht
pulse is used. The deviation in sensor
Tinearity was observed in all of the 202
and 211 CCDs tested. Since the RCA and
Fairchild CCCs differ hoth in the chip's
construction (i.e. surface vs buried chan-
nel) and in its architecture (i.e. frame
vs interline transfer), it was not clear if
eitheyr difference was the cause of the rec-
iprocity failure. To help enswer this ques-
tion, we have chtained sume preliminary dsta
on the vecinrecity behavioe of an expori-
mental RCA al11 buried chzanel CCD.  Initial
analysis indicoies that both the RCA and
Faivchild a1l buried channel CCOs exhibited
reciprocity failure in the tens of picosnc-
ond time comzin, No adequate thoory has
r.oorded to even sujgest that the
w1 strocture is responsibie for
v feiiure,  If iudesd ihe
el device exhibits this raci-
procity {failure, then hMnied chanpal 0D
Sensor MLy not he ap \1c“h1n for ulbrafast
diagnoztics,

In xost ultrafasi dieonostics, such as
a 10 ps venoiution sirveak ¢ 2 ora § GH
CRT, sews Torm of signel amplificalion is
requived to bring the cutput lo a usable
level. In the conventinnal c“fq, there o
phospiue is used o imeye the ¢l s, an
optical er glectrun 1. 1nhew>1 cr, such
as a micrechannel plate; is used ie¢ increase
the tight cutpes Trom the phosphor {uv a leve
el seitable for ;iTm recording,  In owr case
where the CCD is used in place of ihe phos-
phor, signal amplification is obtained by
direct electron multiplication within the
silicon. The CCP gain (G} con be calcuiat-
ed at room tpmpbraiu'v by

Jin - Edesd
G = [ 3.65 ‘J , £a. 1
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Where E is the incident electron anergy
and Egoaq is the CCD back layer dead energy
in eV. E1gure 1b shows the CCD gain vs in-
put electron energy result for the RCA 52501
CCD. Details of the technique used for the
gain measurement are given e]sewhere. For
comparison, a plot of the ideal gain curve
is also shown where the Ego.q energy in Eq.
1 is set equal to zero. gaia for a Faire
child 202 CCD is also shown.

Typically for a S-1 photocathode
streak camera when operating at 2 streak
speed of 35 ps per mn, the maxizum number of
photoelectrons that each CCD pixel {30 um x
30 wn) receives is on the order of 10° elec~
trons. For the present RCA 52501 CCD, the
full well capacity is between 5 x 10° to
1 x 10° electrons. Using these values, the
CCD electron gain required for an ultrafast
streak camera is between five hundred to one
thousand. From Fig. 1b, this CCD gain value
corresponds to an input electron energy of
around 4 to 6 keV.

Vlhen the sensor is incorporated lnto
an ulirafast CRT, the CCO output O
un1tf of Llhe number of e]ect\Ons/pl)el 19
given bLy:

vo,{Ein Faead) £\ (& /“Lon\

OCR‘ .25 %10 -— — ]l
’ / J\ ccll \ cpoL
Eq. 2
Where £y, and Lyooo agﬁ1n are thz input
eleciron cnergy and Lh? CCD dead layer enor-

1

. i5
re-

ay POSFGCLIVCT) The CRT beaw cur
dencied by 1, and ab is the total t
quircad to sweep the clectron Lezs anres
Neo 11, nurev of CCD cells. 1:c diancier of
158 clectron boam is given by spot and the
‘CCN cell size is denoted by d cwll’

Ficure 1c gives the bl J1ng chara -
teristics of the RCA 52501 ¢ . using & con-
tinuous incoherent 1.06 wm Yight source.

The vertical anti-blooming characieristics
hes heen eptinmized by wdauﬁi]ug tho» RCA CCD
image _section voltige (V ) of the nonstur-
ing electredss so that 1hey are in the acuu-

v

melation candition (i.e. Vi > Vop The
voitage on ilhe sturing eleciru 101 %v Ay) s
arranged so as to obtein, dar.ng 11gﬁ inte-

gration, a well sizc in the fmzge area
smaller than or equul to any subsequent
wells encountered in the AB, B+C and Crout-
put charge transfer process.

Although the CCb b]ocm1ng data given
in Fig. 1c was obtained using photon i1lum~

ination, similar qualitative experiments
viere also performad using electrons as the
input excitation source. \le have verified
that the general CCD blooming characteris-
tics are similar in either the electron-in
or photon-in mode. These experiments tend
to verify that CCD behaviow, in niost cases,
is source-independent.

A good anti-blooming property is im-
portant in “instruments such as a streak
camera where severe localized sensor satu-
ration can occur. Hith this anti-blooming
characteristic, those portions of the
streak data that are in close proximity to
the highly saturated data will not be de-
stroyed by the vertical blooming associated
with many preseni C(D sensors.

The practicality of an intensificd CCD
instrumeni depends greatly on the useful
lifetime of the sensor in the electien
beam envivenment. The darage mechenism for
a front e-beam i1luminated CCD is well doc-
umented.” Briefly, this electro damage is
induced by a non-uniform accumulation of
positive clarges in the §i0p insulator.

This positive charge build-up is due to a
differcnce in the electron and hole mobili-
t.es in 5i0p while under the influcnce of
thy E-Tielde genevaled by the normal apora-
tiin of the CCO, For th~ backside e-beam
ratiun case, the ,.ub’“"l of the
direct O]OCLlUJ/L le pair production in the
Si0p layer induced by Lhe incident elec-
tros 1s elininated, since the ¢loctrons
are no lengor required to trensverse ithe

$i02 layer bofore vaooachitig the Si. Howaver,
cch d 4 sTill accur by tho indivcci
creaticn of ihe ~lectronf/hole paivs in the
$i0y insulater via the soft br valluig

X-réys thal are gcr’rAl ed when i eleos

trons impect into the &i.

Fig. 1d shows the experinental rosults
of two (CD3 under o-Geam illuminaiiorn.
Both CCDs ware on“ra‘ﬂd using incident
electron e . 50 a5 to obtain full well
CCD outpuis with both seas having clec-
tron gain of 1000, The eleciron pulse den-
sity was equal for beth the RCA and Fair-
child CCh=, and typically this density was
around one eleciron per square . 1t is
clear {rom Fig. 1d that the eleciron-irn-
duccd damage due io the front e-beam 117um-
inatad CCD (Fairchild 202) is many ord:rs
of magnitude greater ihan the back-illwnin-
ated device {RCA 52501). Tramslating these
CCD damage data into practical operating
time duvrations, the Fairchild 207 cch will
exhihit nouticeable damagz within one minute




of continuous electron exposure. In con-
trast, the RCA 52501 CCD yields no detec-
table sensor damage even after several weeks
of continuous e-beam illumination. However,
we assume, although not experimentally veri-
fied, that if the RCA 52501 CCD were illum-
inated from the front side, electron damage
would occur in a time duration similar to
the Fairchild 202 and 211 CCDs.

The vertical and horizontal spatial
resolutions of the intensified CCD sensow
are pertinent to both the streak camera and
the CRT operations. Briefly, the ultrafast
streak camera is used to measure the tem-
pural light intensity profile of an event.
The intensity vs time of the input light
puls2 is converted via the streak camera
into intensity vs pesition on the CCD sen-
sor. ‘Basically, the streak camera can be
viewed as an optical CRT in which the usual
thermionic cathode is replaced by an optical
photocathode and in which output intensity
is recorded. In normal operation, an opti-
cal s1it image is focussed onto the photo-
cathode, and the resulting plicteelectrons
are focussed and swept acruss the CCD at a
figh speed, The CCD axes are aligned so
that the streak tube sweep divection is
parallel to the horizontal sensor axis. The
horizontel reseclution of the CCD therefore
detzrinines, in part, the temperal vesolutica
of the streak camera. The voriical senso
resolution which is along the direction of
the s1it image will partly detcriine the
maximm musber of iudependert channels
that the streak camcra can meaitor simul-
taneously.

Figure 2 shows the expovimental resulis
for the horizonizl and vertical spatial res-
olutions of both the standuird thick sensor
and the speci:l thinned (v 10 pm) RCA 52501
CCh. The data were generated by imuging a
stardard Air Force resolution pattern using
a 1.06 um ¥ight source. The dejradetion of
the horizontal spatial vesclution at 1.06um
vaveiength for the thick CCD is due to the
deep penetration of the photons into the
silicon substrate. The resulting back
thermo~diifusion of the clectrons generated
deep in the silicon to the front-side CCD
wells results in-the degradsd hoiizontal
resolution. A simlar horizontal spatial
degradation would be expericnced if a thick
CCD were used to image the clectrous from
the back side.

I1I. STREAK TUBE/CCD IMPLEMENTATION

Figure 3 shows a streak tube equipped
with an internal CCD. The device consists
of a RCA 73435 streak tube mated to a spe-
cial RCA 52501 back-thinned and back e-beam
illuminated CCO. The vacuum header in which
the CCD is mounted is equipped with an opti-
cal window,.so as to enable an optical fat
zero bias io be implemented from the non
vacuun side. During actual CCD operation,
the storage area of the sensor is blocked
so that neither the LED bias 1ight nor the
electron beam illuminate that area. The
streak tube has a S-1 photocathode which
utilizes a modified low temperature sched-
ule to prevent degradation of the CCD sen-
sor. Many of the CCD parameters, such es
the dark current and inter-electrode leak-
age, were monitored before and afier photo-
cathode processing.

In the actlual operation of the streak
tube/CCD device, the photocathode voltage
was lowered from the usual ~17 kV at the
cathode down to approximately -6 kV. This
reducticn of the operating voltage is re-
quired to maximize the dynamic range of the
total system. To illusirate this concept
more clearly, let us consider two extreme
cases. In the first case, if the streak
cameie’s photocathiode is at a very Ligh
negalive voltage, iiren an incident «iec-
tron onto the CCD will produce a lavge
number of electron/hole pairs; sez Eg. 7.

In the exfrome case, if ong incident
phoicciectron saturates the CCD ¢, then
the system dynamic range for the streak
caineira/CCD instrument 1s reduced to unity.
Now consider tha opposite situation; if the
streak tube's photacathode is at a very low
negalive voltlege, then an incidert electron
onto the sensor yields a very small number
of electvon/hele pairs. Again, going to the
extreme, if the incident clectron energy is
arvund the dead layer value {i.e. v 2 keV),
thou the sensor gain is near unity. The
dynamic range in this condition is primerily
governed by the maximun photocathode curient
density. Jor an S-1 pliolocathode, the max-
imny cuyrent density is about 1000 eleciwons
per CCD pixel per 10 picoseconds. Hence for
a 1D picosecond resolution systew, the num-
ber of electrons available per €CD cell is
1000. The system dynamic range in this
case is less than unity since the CCD elec-
tron cquivalent noise for the KCA 52601
sensor is around 10* clectrons. Between
these two extremes, the streak tube/CCD




. the Taser system's pastoy conputey,

will not be limited by either phgtocathqde
saturation or by CCD well saturation, and
reasonable dynamic range of several hundred
can be obtained.

The streak camera/CCD data acquisition
system consists of a LeCroy 8258 8-bit tran-
sient digitizer coupled to a multiplexed 192K
dynamic local memory. The digitized data
are processed by an LSI/11 computer through
a standard CAMAC data highway. The process«
ed data are stored on floppy disks for fur~
ther analysis. A typical local LSI/T1
processing consists of a point-by-point dark
current subtraction followed by a €CD gain
normalization. Both of the 320 x 256 point
data for the dark current and sensor gain
profile are stored on disk,

For most ultrafast diagnostics, system
synchronization is very imporiant. For the
case of a strecak camera, synchronization to
the srder of tens of picoseconds is general-
1y vequired to prevent loss of deata. This
precise timing is usually provided either
optically or eclectrically to the streak
camera. For the CCD recording sensor, how-
ever, it is oniy necescary tu time ihe LCD
cycle such that the streak camery data are
not deposited onte the sensor during the A
to B transfer time, becaus. during ihis time,
the nonstoring fCD electrodss are brought out
of accumulation and hence the strsor loses
ail of its anti-bleowing charociuristic,
This vather velaxed timing requirement is ine
plem~-iad by phase-locking the CCD inaster
clock to a low frequency pulse generaled by
Any ono
of those pulses {v 10 Hy) way be used to ine
itjate the laser firing sequence; hence with-
in & few microseconds after the timing pulsc,
the lascr will generate data onto the CCD
sensor.  With appropidate delays, the stresk
camera data can always be arranyed to arrive
during the middle portion of the CCD integra-
tion cycle.

IV. CRT/CCD IMPLIWERTAYIGN

Figure 4 shows a wide bandwidth CRT
equipped with a CCD electron seasor. The de=
vice consists of a specially designed EG&G -
CRT coupled to an RCA back-thiincd (v 10 um)
52501 CCD. The CRT deflection structure com
sists of a transmission line serpentire with
an electrical characteristic impedence of SU
ohms. The serpentina deflection struciure
is designed to provide maximum signal deflece
tion sensitivity by matching the signal phase
velocity to the prepagation velosity of a

§ kV electron. : -
"The CRI/CCD is processed by:baking

the structure at 200°C for eight hours be-

fore cathode activation. The thermionic -
cathodzs is then aged for 24 hours to maxi-
mize and stabilize the current output. The
CCD's optical imaging quality was monitored
before and immediately after the processing
cycle and vias found to have degraded a
slight amount.

The sicral channel amplitude response
of the CRT is shown in Fig. 5. The graph
is a plot of the relative power required teo
deflect an electron beam vertically one
centimeter .at the CCD focal ylain versus
the frequency of the input signal. The
variations of the deflection responss are
due to the many small local resonances of
the various substructures of the deflection
response are due to the many small local
resonances of the various substructures of
the deflection serpentine. The sensitivity
of the deflection structure is measured to
be appro:imately 10 volts per cm and the
spot size at the CCD focus plane is about
200 ym. The axes of the CCD are aligned so
that the signal deflection is parallel to
thie CCD vertical axis.

The data acquisition system required
to support the CRT/CCD insivument can bz
identicel to Lhat described for the ultra-
fast streak camera/CCD system. In the CRT
case, the dynamic range of the CRV/CCD is
detormined by the vertical spatia) resolu-
tion rather than by the iniensity of the
electron beam. Because of this difference
between the CRT and the stresk cameia, it
is more ccenomical to stow dovm the CCO
scanning rele ard .. lrade away the sensor's
dynamic yenge, whict in this case 1s not re-
quired, for a slower A/D and memovy. In
this mannar it is possiblc to veduce the
eleclranic system cost by a considerable
amount,

In addizion to the factor-of- four
reduction of the CCD scanniny specd, the
electronics were further modified to pro-
vide a continuous scanning mode in which
both the imges ood storage registers are
clocked syinchrenously at all times. Both
the usual image integration period and th-
fast A to B image transfer action of a nor-
mal T.V. mode were deluted. The reimaining
B to C transfer mode, in which the B shift
register provides one CCD cell transfer for”
every 320 horizontal C shift register trans.
fers, is exiendad, in the continuous mode,



to include the A image registers.

By changing the clocking scheme to the
continuous mode, the system can now be used
only "in the pulsed illumination condition.
The input puise duration must be short, com-
pared to the CCD vertical clocking period,
in order for the sensor to exhibit good
vertical resglution. This pulse duration
requirement is,af course, easy to satisfy
for the ultrafast CRT application, since the
electron beam deposits its information onto
the CCD in a few nanoseconds and the verti-
cal clocking period for the slow scan case
is in the order of tens of milliseconds.

The motivation behind using this contin-
uous scanning technique is the ease in which
the CCD can be syichronized to the external
world. In this mode, the CCD is always
shifting out the sensor's dark current and
the external A/D is continuously digitizing
the output. No memory storage is implement-
ed until after the event time, upon which
the next horizontal Tine clocked out by the
CCD is, by definition, the first line of the
picture. The memery will now commence io
store the first and the subsequent 255 lines
at which time a compiete CCD picture is then
obtained.

Note that unlike the jnovious phase-
lock technique, no prewarning syn-hroniza-
tion pulse is required to preparc the CCD

or the data-teking sszquence. However, this
continuovrs scanning mode, hy its very nature,
prevents tha implemauntation of the anti-
blowninyg technique. This Tack of anti-blorn-
ing ability is not important for the CRT/CCD
opcration, since the beam cuirent of the
CRTs cen be adjustcd to prevent senser ovar-
load.

V. CONCLUSIONS

Two ultrafast Taser fusic. diagnostic
instrument: have been designed and fabricat-
ed which incorporate a back-thinned KCA 52501
CCD sensor.

The RCA sensor has been characterized
in the electron-ir mode and provides rela-
tively high gain at lower tubc operating
voltages. This reduced voltage can also
allow effective increase deflection sensi-
tivity in the streak tube.

In performance the 3 GHz response of
the CRT was obtainad.

The data acquisition system is designed
to implement direct computer zccessing and

processing for both the CRT/CCD and streak
tube/CCD instruments. \
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