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Intensified CCD for Ultrafast Diagnostics* 

J. Cheng G. Tripp L. Coleman 

Lawrence Livermore Lawrence Livennore 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 information 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. Performance 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. 



I. INTRODUCTION 
Many present laser fusion diagnostics,1 

such as measurements of the laser beam, 
X-ray, neutron and alpha intensity vs time 
are recorded using either an ultrafast 
electronic streak 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 for a neutron time-of-flight detec
tor and recording system. A characteristic 
of most laser fusion experiments is the 
generation of a very large volume of data 
due to the many parameters that are simul
taneously 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 computerize existing laser fusion 
diagnostic instruments. The approach we 
have- chosen is to use a back-thinned RCA 
52501 charge-coupled device (CC!)) to re
place the normal phosphor in both an ultra-
fasi streak tub? ?.nd a w\ r... bniidwith cath
ode ivy tube (CRT). The CCD is user) to 
directly image the electrons generated by 
the respective instruments. 
II. RCA 52501 CCfl CHARALTnil.vnC.'; 

It is important to detcrmir-5 r!i? clr.rac-
tesistics of the --ensor in the i..--.:Je in vhir.h 
the device is required to op-':rcie. For both 
the CRT and tlw streak Cfmeru in:>truiW;i:i.s, 
the CC!' censor is used as a direct electron 
iisager. The electron excitation tiuie per 
CCD pixel ranges from a dc illiiniration eru
dition during setup down to about tan pico
seconds per pixel during actual data taking. 

Figure la shows the respond of a back-
tliiiifieii (t 10 urn thick) and toe!, e-becsi il
luminated RCA 52501 CCI) to A , b en* 6 keV 
energy electrons. Tor the case of the 
ultrafast streak2 camera, the desired in
formation is contained in the fomr of an 
intensity vs position profile. It is 
therefore necessary to determine whether 
the CCD sensor is linear (i.e. y •- 1) to 
input electron excitation and furthermore, 
to verify that this linearity is maintained 
when the input electron pulse duration is 
reduced to the picosecond 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 urn coherent 
light source. If the assumption that the 
CCD is insensitive to the manner in which 
the electrons are produced is valid, then 
it can be concluded that the RCA 52501 CCD 
is 1 incur to electron excitation and its 
reciprocity is maintained down to at least 
the 50 ps range. It should also be noted, 
hov:ever, that not all the CCD sensors have 
this desirable reciprocity property. For 
example; the Fairchild 202 CCD is linear in the dc illumination mode (i.e. y = 1 ) , but 
the sensor has a transfer function gamma 
value of 1.3 when a 50 picosecond lirht 
pulse is used. The deviation in sensor 
linearity was observed in all of the 202 
and 211 CCDs tested. Since the RCA and 
Fairchild CCCs differ both 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 
either difference was the cause of the rec
iprocity failure. To help answer this ques
tion, we have obtained some preliminary data 
on the reciprocity behavior of an experi
mental RCA all buried ch-.-inel CCO. Initial 
analysis indicates that both the f\CA and 
Fairchild all buried channel CCDs exhibited 
reciprocity failure in the tens of picosec
ond time domain. No adequate theory has 
been for.v.rded to even suggest that the 
buried ci:ann:.'l structure is responsible for 
the reciprocity failure. If iiidc.'i ths 
buried channel device exhibits this reci
procity f&ilure, thou hiried chinne! CCD 
sensor may not be ^pliciJile for ultinfas-t 
diagnostics.' 

In Most ultrafa.'-f disj/iosfcics, such as 
a 10 ps resolution r-lreak ta;r.;:ii or a 1 GHz 
CRT, son:- form of sic;.-;el amplification is 
required to bring the output to a usable 
level. In the conventional cars, where a 
phosphor is used to image the electrons, an 
optical or electron i>i:ar;e. intensificr, such 
as a microchannel plate, is used to increase 
the light output from the phosphor to a lev
el suitable for wlm recording. In our case 
where the CCD is used in place of the phos
phor, signal amplification is obtained by 
direct electron multiplication within the 
silicon. The CCR gain (G) can be calculat
ed at room temperature by: 

G " [—1765 J ' Eq- ] 
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Where E. is the incident electron energy 
and E d e L is the CCD back layer dead energy in eV. Figure lb 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 elsewhere.3 For 
comparison, a plot of the ideal gain curve 
is also shown where the Edead energy in Eq. 
1 is set equal to zero. Data for a Fair-
child 202 CCD is also shown. 

Typically for a S-l photocathode 
streak camera when operating at ?. streak 
speed of 35 ps per mm, the maximum number of 
photoelectrons that each CCD pixel (30 um x 
30 pin) receives is on the order of 1Q 3 elec
trons. For the present RCA 52501 CCD, the 
full well capacity is between 5 x 1Q 5 to 
7 x 10 6 electrons. Using these values, the 
CCD electron gain required for an ultrafast 
streak camera is between five hundred to one 
thousand. From Fig. lb, this CCD gain value 
corresponds to an input electron energy of 
around 4 to 6 ke.V. 

When the sensor is incorporated into 
an ultrafast CRT, the CCD output 0CR-j- in units of the number of electrons/pixel is 
9=:van by: ^ 

i 

m \ 3 - 6 6 A/V'cc-iljVspoi/ 
Eq. 2 

Where E i n and r.c!necj again are the input electron energy and the CCD dead layer ensr-
gy respectively. The CRT beam currc-r-t is 
denoted by i, an-.! At is the total tins re
quired to sweep the electron been acres;: 
N c e l-| number of CCD cells. Ihe diameter of 
the electron beam is given by d Sp Dj. and the 

/CCD cell size is denoted by d ",'T 
eel [ W I I 

Figure 1c gives the bT :,ring chars' •• 
teristic5 of tli? RCA 52501 <:• :, using a con
tinuous incoherent 1.06 tint light source. 
The vertical anti-blooming characteristics 
his been optimized by adjusting tl;;- RCA CCD 
image section voltage (v\„, ) of the nonstor-
ing elcctrodc-s so that they are in the accu
mulation condition (i.e. Vj,|, > V'^i). The 
voltage on the storing electrodes (\W^) is 
arranged so as to obtain, during light inte
gration, a well size in the- image area 
smaller than or equal to any subsequent 
wells encountered in the A->8, B+C and C+out-
put charge transfer process. 

Although the CCD blooming data given 
in Fig. lc was obtained using photon illum

ination, similar qualitative experiments 
were also performad using electrons as the 
input excitation source. He 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 behavior, in most 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. With this anti-blooming 
characteristic, those portions of ttie 
streak data that are in close proximity to 
the highly saturated data will not be de
stroyed by the vertical blooming associated 
with many present CCD sensors. 

The practicality of an intensified CCD 
instrument depends greatly on the useful 
lifetime of the sensor in the electron 
beam environment. The darige mechanism for 
a front e-beam illuminated CCD is well doc
umented. ̂  Briefly, this electron damage is 
induced by a non-uniform accumulation of 
positive charges in the Si0;j insulator. 
This positive charge build-up is due to a 
difference in the electron and hole nubili
ties in Si02 while under the influence of 
tin K-fields generated by the normal opera
tion of the CCD. For th^ backside c-bcam 
illiminaliun e a v , the problem of the 
direct cloction//;ole pair production in the 
S1O2 layer induced by the incident elec
trons is eliminated, since the electrons 
are 110 Icngor required to transverse the 
Si0;> layer before roaching the Si. However, 
CCD'damage e.-n still occur by the indiwee 
creation of the electron/hole pairs in the 
SiOg insulator via the soft Crra-'.,i'ralil>Ji>g 
X-rays that are generated when the elec
trons impact into the Si. 

Fig. Id shows the experimental results 
of two CCDz under c-beam i 11 umination. 
Both CCDs ware opera.tad using incident 
electron Pneryijr. so as to obtain full well 
CC0 outputs with both sensors having elec
tron gain of 1000. The electron puis" den
sity was cquil for both the- RCA and Fair-
child CCDs, and typically this density was 
around one electron per square unt. ]t is 
clear from Fig. Id that the electron-irv-
duccd damage due to the front e-be.-.ra illum
inated CCD (Faircliild 202) is many ordirs 
of magnitude greater than the back-illumin
ated device (RCA 52501). Translating these 
CCD damage data into practical operating 
time durations, the Fairchild 202 CCD will 
exhibit noticeable damage within one minute 
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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 sensor 
are pertinent to both the streak camera and 
the CRT operations. Briefly, the ultrafast 
streak camera is used to measure the tem
poral light intensity profile of an event. 
The intensity vs time of the input light 
pulse is converted via the streak camera 
into intensity vs position 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 slit image is focussed onto the photo-
cathode, and the resulting photoelectrons 
are focussed and swept across the CCD at a 
•high speed. The CCD axes are aligned so 
that the streak tube sweep direction is 
parallel to the horizontal sensor axis. Ths 
horizontal resolution of the CCD therefore 
determines, in pari;, the temporal resolution 
of the streak camera. The vertical sensor 
resolution which is along ths direction of 
the slit image will partly d̂ tcr.-.iine the 
maximum number of independent channels 
that the slrea',; camera can Monitor simul
taneously. 

Figure 2 shows the experiKontsl results 
for the horizontal and vertical spatial res
olutions of both the standard thief; sensor 
and the special thinned (̂  10 ur.i) RCA 52501 
CCD. The data were generated by imaging a 
standard Air Force resolution pattern usir.g 
a 1.06 um light source. The degradation of 
the horizontal spatial resolution at 1.06um 
wavelength for the ttr-ck CCD is due to the 
deep penetration of the photons into the 
silicon substrate. The resulting back 
tlierno-diffusion of the electrons generated 
deep in the silicon to the front-side CCD 
wells results in the degraded horizontal 
resolution. l\ similar horizontal spatial 
degradation would be experienced if a thick 
CCD were used to image the electrons from 
the back side. 

III. 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 CCD. 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 to be implemented from the non 
vacuum side. During actual CCD operation, 
the storage area of the sensor is blocked 
so that neither the LED bias light nor the 
electron beam illuminate that area. The 
streak tube has a S-l photocathode which 
utilizes a modified low temperature sched
ule to prevent degradation of the CCD sen
sor. /Many of the CCD parameters, such as 
the dark current and inter-electrode leak
age, were monitored before and after photo
cathode processing. 

In the actual 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 
reduction of the operating voltage is re
quired to maximize the dynamic range of the 
total system. To illustrate this concept 
more clearly, let us consider two extreme 
cases. In the first Case, if the streak 
camera's photocathode is at a ve.ry high 
negative voltage, liien an incident elec
tron onto the CCD will produce a large 
number of electron/hole pairs; see Eq. 1. 

In the extreme case, if one incident 
photoolectron saturate"- the CCD d/il, thwi 
the system dynamic ranye for the streak 
cairiSi-a/CCD instruir,siit is reduced to unity. 
Now consider the opposite situation; if the 
streak tube's p.'iotocat/iode is at a very low 
negative voltage, then an incident electron 
o"nto the sensor yields a very small number 
of electron/hole pairs. Again, going to the 
extreme, if the incident electron energy is 
around the dead layer value (i.e. i. 2 keV), 
tlK-u the sensor gain is near unity. The 
dynamic: range in this condition is primarily 
governed by the maximum pliotocathode current 
density, lor an S-l photocathode, the max
imum current density is about 1000 electrons 
per CCD pixel per 10 picoseconds. Hence for 
a 10 picosecond resolution systein, the num
ber of electrons available per CCD cell is 
1000. The system dynamic range in this 
case is less than unity since the CCD elec
tron equivalent noise for the KCA 52501 
sensor is around 10'' electrons. Between 
these two extremes, the streak tube/CCD 
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will not be limited by either photocathode 
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 focal 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/11 
processing consists of a point-by-poi.nt dark 
current subtraction followed by a CCD 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 important. For the 
case of a streak camera, synchronization to 
the order of tens of picoseconds is general
ly required to prevent loss of data. This 
precise timing is usually provided either 
optically or electrically to the streak 
camera. * For the CCD recording sensor, how~ 
ever, it is only necessary to tiros ths CCD 
cycle such that the streak camera data are 
not deposited onto the sensor during the A 
to B transfer time, becau;\'. .'luring ibis time, 
the nonstoi ing CCD electrodt.s are brought out 
of accumulation and hence the sensor loses 
all of its anti-blooding c.Wjcleiistic, 
This rather relaxed timing requirement is ini-
plem'V.:£d by phase-locking the CCD master 
clock to a low frequency pulse generated by 
the laser system's irasttr computer.. Any one 
of these pulses {^ 10 H^} may be used to in» 
itiatfi the laser firing sequence; hence with
in a few microseconds after the timing pulse, 
the laser will generate data onto the CCD 
sensor. Kith appropriate delay;;, the streak 
camera data can always bo arranyed to arrive 
during the middle portion of the CCD integra
tion cycle. 

IV. CRT/CCD IKPI.ffii;KTA"IC'N 
Figure 4 shows a wide bandwidth CRT 

equipped with a CCD electron sensor. The de~ 
vice consists of a specially designed F.G&G 
CRT coupled to an KCA back-thinned (̂  10 urn] 
52501 CCD. The CRT deflection structure con
sists of a transmission line serpentine with 
an electrical characteristic impedance of Cu 
ohms. The serpentina deflection structure 
is designed to provide maximum signal deflec
tion sensitivity by iratching the signal phase 
velocity to the propagation velocity of a 

5 kV electron. 
The CRT/CCD is processed by baking 

the structure at 200°C for eight hours be
fore cathode activation. The thermionic " 
cathode 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 was found to have degraded a 
slight amount. 

The sigral channel amplitude response 
of the CRT is shown in Fig. 5. The graph 
is a plot of the relative power required to 
deflect an electron beam vertically one 
centimeter at the CCD focal vlain versus 
the frequency of the input signal. The 
variations of the deflection response 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 tho deflection structure is measured to 
be appro\iraately 10 volts per cm and the 
spot size at the CCD focus plane is about 
200 uw. The axes of the CCD are aligned so 
that the signal deflection is parallel to 
the CCD vertical axis. 

The data acquisition system required 
to support the CRT/CCD. instrument can be-
identical to that described for the ultra-
fast streak camsra/CCD system. In tha CRT 
case, the dynamic range of the CtiT/CCD is 
determined by the vertical spatial resolu
tion rather than by the intensity of the 
electron beam. Because of this difference 
between the CUT and the streak carcwa, it 
is more economical to slo;.' down the- CCD 
scanning rate <.r<d t'-. trade away the sensor's 
dynamic rv.ngu, which in this case is not re
quired, for a slower A/D and menwy. In 
this manner it is possible to reduce the 
electronic system cost by a considerable 
amount. 

In addition to the factor-of-four 
reduction of the CCD scanning speed, the 
electronics were further modified to pro
vide a continuous scanning mode in which 
both the imatjs a--id storage registers are 
clocked synchronously at all times. Both 
the usual image integration period and tl,? 
fast A to B image transfer action of a nor
mal T.V. mode were deleted. The remaining 
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 extended, 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 pulse duration must be short, com
pared to the CCD vertical clocking period, 
in order for the sensor to exhibit good 
vertical resolution. This pulse duration 
requirement is,of 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 synchronized 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. Mo memory storage is implement
ed until after the event time, upon which 
the next horizontal line clocked out by the 
CCD is, by definition, the first line of the 
picture. The memory will now commence to 
store the first and the subsequent 255 lines 
at which time a complete CCD picture is then 
obtained. 

Note that unlike the jv.vious phase-
lock technique, no prewarning synchroniza
tion pulse is required to prepare the CCD 
for the data-taking sequence. However, this 
continuous scanning mode, by its very nature, 
prevents tha implementation of the anti
blocking technique/ This lark of anti-Moan
ing ability is not important for the CRT/CCD 
operation, since the beam current of the 
CRTs can be adjusted to prevent sensor over
load. 

processing for both the CRT/CCD and streak 
tube/CCD instruments. 
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V. CONCLUSIONS 
Two ultrafast laser fusion diagnostic 

instruments have been designee! and fabricat
ed which incorporate a back-llrinned KCA52U01 
CCD sensor. 

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

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

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

Reference to a company or product 
names docs not imply approval or 
recommendation of the product by 
the University of California or the 
U.S. Department of fincrgy to the 
exclusion of others that may be 
5uitabie. 

NOTICE 
"This (cr.c: t was prepared as an account of work 
sponsored by [he (Jniltd State, Government. 
Neither ihc United State; nor the United Stales 
Department of Fncrgy. nor any oflhcir employees, 
nor any of their contractors, subcontractors, or 
thcii employees, makes any v.arranly. express or 
implied, or assumes any legal habitus or respon
sibil i ty for the accuracy, completeness or 
usefulness of any information, apparatus, product 
or process disclosed, or represents ihat its use-
would not infrinee prisaicly-owncd rights." 

5 



1 • 

CCD = Thinned RCA 52501 
Enerqy = 4, 5 and 6 kV electrons 
Temp = 28°C 
Fat zero = Front illuminated bias 

1 

- /o -
o / 

- y 2 1.0 

/ / 
I 

10 10' 
Relative phosphor intensity 

F ig . l a . Signal Transfer Curve 

10J 

/ 
po 

• -£- [be!; illyniinJtsd 
9 0 RCA U2Q01 COD 

- ' (ihinr.od to lO^ni 

Front il!umir><i'?d 
Faircliild 202 CCD 

(unthinncd)— 

A - - ^ 

J I .. I _.!_ J J . 
4 0 8 10 12 14 16 1S 20 

Input electron energy, keV 

Fig. l b . E-Beam Gain Cur"; 



70 
a 60 
f 50 
8 40 
S 30 
S 20 
£ 10 

0 
-10 

J Vertical 

O O" » ~ § » « ^ s = g S o 0- Horizontal 

10 100 1000 

Fig. lc. Blooming Characteristic 
RCA 52501 CCO 

1.21 I.ZI 

g as 
§ 0.6 
I 0.4 
K 0.2 

0 L 

- A — . * N - •• — O O T I D 

\ ; 
^ A Paiicliild front illuminated 

S 202CCDot 17UoV 
x O KC'A lock illurriJ.iat.-c1 G2501 

CCO at B i-.eV 

_ l J I L L I 
1 ID 1 10 2 10 3 10 4 10 5 10G 10 7 10 s 

Number of electron pukes 

• F ig . I d . E-Bcc;n Dater ioat ion of CCD's 



1.0 — 

0.9 -

0.8 -

0.7 -

, 0 . 6 -

° 0 . 5 -

0.4 -

0.3 -

0.2 -

0 — 

Vertic; 
(thick and thinned) 

•P 

„<3 

O 

••-•3^-oHwl?apt8( 
\ ( thinned) 

_L_ 
8 10 12 14 
FreqiKKisy (Jp/mm) 

16 

: f e 

18 20 

Fig. 2. Frequency Response Curve CRT/CCD 

<C* V \ M 

Fig. 3. Modified RCA 73435 Streak Tube 
vlU;-. Back-Thinned RCA 52501 CCD 



m u •r.r---\\. 
••?!' 1 

0 . 

Fig. 4. Modified EGSG CRT with RCA 52501 CCD 



. L - ^ 
2 

L.. 
3 

Frequcnc'i ' (G! •!*) 

Fig. 5. Frtstsncy Rfispor.se Curve CRT/CCD 

http://Rfispor.se


Distr ibution 

H. G. Ahlstrom L-481 
D. T-. Attwood L-479 
J . C. Cheng L-479 
L. W. Coleman L-479 
J . L. Emmett L-488 
G. R. Tripp L-483 


