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We hawe developé a dual-function high sensitivity/high-resolutio digitizer. It consiss of a
superconductig digital integrat@ circuit, which can operae both as atime-to-digitd converter
(TDC) ard a flux countirg analog-to-digithconverte (ADC). The TDC has a30 ps multihit time
resolution The ADC has bean designé with asuperconductig quantum interferene device based
detecto for a1 uA full scale range. This digitizer is extremely useful in many applications, e.g., for
time-of-flight measurementsor as aradiatian resistant low-noise low-powa ADC for detector
readout © 20 American Institute of Physics [DOI: 10.1063/1.145810]

Our digitizer is basa on the rapid single flux quantum
(RSFQ approat of superconducto electronics which is
now undegoing rapid advancemenand commercialization
in mary groups® In RSFQ technolog, digital information is
storel and manipulate through the propagatio of single
quangt of magnett flux. This dual-function digitizer was
fabricatel at HYPRES using the standagdl 3 um 1 kA/cn?
Nb fabricatin process. Digital RSFQ circuits basel on this

tion hardnessard extremey low powe dissipation—é su-
perconductiviy. Now thes two circuits have been combined
to creat asingle integratel circuit capabé of both tasks The
integratel circuit consiss of 750 Josephsojunctiors ard fits
on a 5mmXx5mm chip, dissipatig less than 0.25 mW of
powe.

The digitizer can be switched from one mode to another
viaasimple enabé switch (Fig. 1), and sormre simple changes

3-um lithography process have already shown performancen operationalogic. In the TDC mode we employ the ape-

of bette than 100 GHz Scalirg thes chips to a submicron
lithograply proces can further improve performance.

This chip is targeted at two importart functiors of
nuclea and high-enegy physic detecto instrumentation,
analog-to-digita conversim (ADC) and time-to-digitd con-
versiin (TDC). Fast low-powe, low-noise high sensitivity,
ard radiation resistamh electront instrumentatia is essential
for readot of detectos in numeros physics experiments.
Detecto readot instrumentatio measurs the timing, am-
plitude, integratel chage ard pulse shag of the detector
responseBy using traditiond readod methods with semi-
conductoe room-temperatw electronics the information
contert of low-level, fag signak from adetecto is distorted
by noise pick up, cross talk in anala transmissia lines and
amplifier noise In contrast RSKQ chips are naturaly radia-
tion hard" ard can thus be placel at the signd source and
throudh the dired digitization approach allow preservation
of the origind signd quality. Conversim of the detecto re-
spong into digital form also facilitates data acquisition and
processing In the targetal applications the cryogenc re-
quiremens of this digitizer are not an issLe as the detectors
themselve are alreaq cooled to ~4 K or below. Moreove,
the front-erd requiremerg for both TDC and ADC applica-
tions can easily be adjustel for differert detectos and appli-
cations.

Previousy, we hawe separatsl demonstrateé both ADCs
ard TDCs using the RSKQ approachwith performane far
superio to conventionaelectronics’. The circuits take ad-
vantag of the intrinsic properties—hif switching speed,
guantum accurag, dispersion-les transmissia lines, radia-
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riodic countirg of a periodic strean of single flux quantum
(SFQ pulses to measue a time difference In ADC mode,
we employ the periodic countirg of an aperiodc strean of
pulses to measue an absolué chage (flux countig ADC).

Both applicatiors use acommon all-digital counte, ca-
pabk of measurig multiple counts/everston the same chan-
nel. The counte usal in the dual-function digitizer consists
of athree-hit 16-bit buffer. A nine-ht versia of this counter
usal in TDC mocke has operaté at 33 GHz referene clock
frequency (30 ps multihit time resolution.

The TDC works by countirg SFQ clock pulses between
two successig input evens (hits): ead hit restars the
counte and shifts the data (accumulatd couns or time
stamp$ to the multihit buffer, wher it is storel in a shift
registe until it can be read out asynchronousgl by a readout
clock.

To teg our digitizer in TDC mode evens are applied
using a HP-800® 1 GHz patten generato and measure-
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FIG. 1. Selectal# interfae applies appropria¢ TDC or ADC inputs to a
comma digital counte.
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FIG. 2. Ata TDC clock frequencgcount rat¢ of 10 GHz, data is shown for © . "
200 distinct events. We measured 52 and 53 counts, corresponding to 5.2 r s
and 5.3 ns, respectively. Since the TDC clock and the hit signals are not e P
synchronized, the 100 @ene clock perioglvariation is expected. g
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the counter between these events. Because the phase noise j{l‘( i E &
. . P erge 1000 T
our pattern generator is approximately 200 ps, it is difficult ‘}{f k;h )‘f w0
to accurately measure distinct events at high clock frequen: . kk_ 0
cies. To eliminate this time jitter and thus to verify correct 0 02 U mputoumentud) 2 ®

TDC operation, we split each single event pulse and then o o
recombined the pulse after a passive delay. Figure 2 ShOV\EG' 3. (a) Periodic transfer chargcterlstl_c of the SQUID front efiy). dc
! . INput applied over a 200 ns counting peridd). Reconstructe® —® curves

the results for this experiment at a 10 GHz clock frequencyom the counter.
count rate(i.e., 100 ps time resolution

To operate the digitizer as an ADC a high sensitivity i i i
superconducting quantum interference devB@UID) front  current pulse of variable widthTg,se<T) and amplitude
end was designed. The SQUID acts as a charge-to-flux coffftpusd Was applied. Here, the output of the counter repre-
verter, which is connected to the common digital counterS€Nts the total charge of the pulse. Figure 4 shows the ADC
described to create a flux-counting ADC. In this ADC g output for three different pulse amplitudes, each for five dif-
100:1 transformer coil amplifies an input current pulse, anderent pulse widths. These results show excellent agreement
this current is fed into the SQUID. The SQUID then pro- with the theory. The linear curve fits through the count out-
duces a stream of SFQ pulses. The number per unitime ~ PUts for the same amplitude and different widths are also
frequency of SFQ pulses produced is proportional to the Shown. This test confirms the ability to digitize the charge of
electrical charge applied at the input detector. By counting® PUlse- _ _
the number ) of pulses over a specified time internéahm- The digitizer contains a parallel-to-serial converter, for
pling or integration time,T), a digital count is produced the counter readout. This design element _Iimits the number
which is proportional to the charge in that time interval. ~ Of Samples to the buffer length. A new design that reads out

The major advantages of our implementation of thisthe data in the counter in parallel has been developed. This
standard “counter-type” ADC are high sensitiviti# nA/ version allows continuous ADC operation and will be in-
LSB at 100 M samples/s, corresponding t& 201" C or stalled at RIKEN(Institute for Physical and Chemical Re-
25e) and the perfect proportionality between the chargeS€arch in Japan to measur%e data from superconducting tun-
(Q) and the magnetic fluxQx®=Nd,, whered,=h/2e  Neljunction x-ray detectors. _
=2.07x10 Wb is a quantum of magnetic flwof the This dual-function digitizer has tremendous potential for
SFQ pulse stream. The dc voltage output at the detector cgiPPlications in many areas requiring high speed, low ampli-
be monitored directly while varying the input current in the tude digitization. Since ADC measurements are limited by
coil to obtain the classic periodic transfer function of the SQUID noise in the front end, lowering operation tempera-
SQUID [Fig. 3@].

As mentioned before, in ADC mode, the digital counter
is used to count an asynchronous stream of SFQ pulses fror H

the SQUID detector over a given integration timi ( If we . Pulse Amplitude = 1004A
vary the analog input current in the input coil, and measure zww //'
the output at the counter, this experiment should reproduce ¥ Coutng Peroa B i s
the sameV—-d curves in digital count form as in Fig.(8. 10000 o x
Figure 3b) shows how this digital data is taken with a 200
ns counting period5 MHz sampling rate The results are ™" Puls espliss= BS.%
shown in Fig. 8c). Here, the measured digital “countsN{) LT
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can be converted to the equivalent voltage using *
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FIG. 4. Time integral of several current pulses of varying widths and am-
. . plitudes (without the amplification cojl were digitized. The linear fits for
To verify that the ADC can be used to integrate the totalgach data set corresponding to three different pulse amplitwiigg) are

charge in a pulse, we also performed a pulsed input test. Ahown.
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