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Abstract 
The Advanced Accelerator Diagnostics collaboration 

has been developing diamond-sensor based high band-
width position-sensitive diagnostics for application at next 
generation XFELs and other accelerator facilities. A pass-
through diagnostic with 50 MHz rate capability has 
demonstrated pulse-by-pulse position sensitivity of 1% of 
delivered beam width. Progress has been made in upgrad-
ing this diagnostic approach to multi-GHz operation, in-
volving an integrated detection system design making use 
of a compact signal path and proximate high-bandwidth 
readout ASIC. Preliminary results are presented on the per-
formance of both the signal path and ASIC. Possible addi-
tional applications, including precision event timing and 
plasma ignition diagnosis, are introduced. 

INTRODUCTION 
The prospective diagnostic and imaging needs of future 

X-ray Free Electron Laser (XFEL) facilities [1,2] have 
driven work in the development of high-bandwidth ioniz-
ing particle detection systems that can operate at frame 
rates in excess of 5 GHz, an order of magnitude greater 
than existing prototype systems [3]. The Advanced Accel-
erator Diagnostics (AAD) group, a collaboration involving 
University of California campuses (Santa Cruz and Davis) 
and three National Laboratories (Los Alamos, Lawrence 
Berkeley and SLAC), has been exploring the use of CVD 
diamond sensors complemented by dedicated readout 

systems (including ASICs) to push the limits of readout 
bandwidth and dynamic range of X-ray detection systems. 
In this Proceedings, we report on the performance of a 
moderate speed (50 MHz) position-sensitive pass-through 
diagnostic and, more importantly, recent progress made in 
advancing the design of this diagnostic to allow for opera-
tion in the multi-GHz RF regime. Such a capability may 
prove enabling for the operation and exploitation of next-
generation XFEL beams, as well as advancing diagnostic 
capabilities in other fields, including Fusion Energy Sci-
ence [4].  

In this work, the AAD collaboration makes use of mono-
crystalline diamond sensors, whose superior saturated drift 
speed of approximately 200 m/ns [5] make them ideal for 
fast-signal applications. The collaboration makes use of di-
amond substrates purchased from industrial vendors, and 
fabricated by the Los Alamos National Laboratory group 
at its Center for Integrated Nanotechnologies. 

50 MHz QUAD PASS-THROUGH  
DIAGNOSTIC 

Motivated by the development of the cavity-based XFEL 
(CBXFEL) [6], the AAD collaboration has developed a 
quadrant pass-through diagnostic designed to provide in-
tensity and centroid measurements of a moderate-intensity 
XFEL beam with 50 MHz repetition rate. This diagnostic 
is depicted in Fig. 1, and features a four-channel quadrant 
diamond sensor of total area 4x4 mm2 and thickness 43 m.  
 

 
Figure 1: 50 MHz quadrant pass-through diagnostic. 
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Each channel’s signal is shaped by an independent pas-
sive network (Fig. 2), yielding pulses of less than 20 ns du-
ration (Fig. 3), corresponding to a rate capability in excess 
of 50 MHz. 

 

 
Figure 2: Biasing and per-channel shaping network of the 
50 MHz diagnostic. 

 

 
 

Figure 3: Example pulses from two of the four quadrants 
of the 50 MHz diagnostic. 

Summing the signals from the four channels, the diag-
nostic is found to be linear for pulses of 12 keV X-rays with 
intensities of 10s of nJ, the range of interest for the 
CBXFEL. The beam centroid can be reconstructed as a 
function of the asymmetry in the observed signal among 
the different channels. The observed charge resolution of 
50 fC leads to a pulse-by-pulse position resolution of ap-
proximately 1% of the width of the delivered beam1, or ap-
proximately 3 m for a beam of 300 m FWHM. 

HIGH BANDWIDTH CONSIDERATION 
AND APPROACHES 

Increasing the bandwidth of the quadrant detection sys-
tem from 50 MHz into the multi-GHz, radio-frequency re-
gime presents a number of challenges, which roughly fac-
torize according to the heuristic of Fig. 4. Achieving high 
bandwidth performance requires separate attention to the 
process of charge collection, signal path and signal 
transport integrity, and signal processing, all four of which 
contribute independently to the degradation of the signal 
speed. 

  
Figure 4: Factorization of the high bandwidth challenge 
into its contributing considerations of charge collection 
(red), and signal path (blue), transport (purple), and pro-
cessing (green). 

Rapid charge collection is achieved by exploiting the fast 
drift speed of monocrystalline diamond, for appropriately 
thinned diamond substrates. Electron-hole plasma density 
limitations associated with intense instantaneous liberation 
of signal charge has been explored by the AAD collabora-
tion, with prompt, linear operation generally found for 
plasma densities less than 1016/cm2 [8]. The work dis-
cussed in this Proceedings concerns the other three ele-
ments of the high bandwidth challenge. 

The strategy employed to explore the development of a 
multi-GHz ionizing particle detection system is that of 
compactifying and integrating the signal path and readout 
functions of the system, guided as closely as possible by 
state-of-the-art simulation frameworks, especially the 
HFSS package provided by the ANSYS Corporation [9]. 

 

 
 

Figure 5: High bandwidth compact signal path concept. Di-
amond sensors developed for this system are of order 2x2 
mm2, with thickness in the 10s of m range. 

Figure 5 provides a depiction of the high bandwidth sig-
nal path conception, which makes use of commercial RF 
components to provide a millimeter-scale AC-signal return 
path that limits dynamic signal impedance, and strives to 
push LC resonances above the frequency range of interest 
for the readout. Figure 6 shows how the compact signal 
path can be integrated with the readout, with the signal-
return resistor acting as a sense resistor from which the 
high bandwidth signal can be picked off using a short bond 
wire. The bond wire carries the signal to a high bandwidth 
ASIC, known as the FastPulse Precision Sampler (FPS) 
chip, currently under development by the AAD collabora-
tion. The next section focuses on the description of this 
ASIC, and results from characterization of its first proto-
type.  

 
 

Figure 6: Integration of the compact signal path with the 
high-bandwidth “FPS” ASIC. A ~1mm diameter hole has 
been bored underneath the diamond sensor, through which 
a beam will pass. 

 _____________________  
1 More details on the content and performance of this diagnostic are ex-
pected to become available in [7]. 
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SPECIFICATION AND PERFORMANCE 
OF THE PROTOTYPE FPS ASIC 

The four-channel FPS ASIC makes use of a high band-
width analog amplifier/buffer that feeds into a 45-element 
switched-capacitor array (SCA) that captures the signal ex-
citation and holds it for later readout. The nominal specifi-
cations of the FPS ASIC are enumerated in Table 1. 
 

Table 1: Nominal Specification Table for the FPS ASIC 
 

 
The FPS is designed to operate at an analog bandwidth 

of 11 GHz, with variable sampling rate that results in a sig-
nal-trace capture window of 1-2 ns across the 45 elements 
of the SCA, depending upon the chosen sampling rate. The 
stored SCA levels can then be clocked out to an external 
digitizer at rates as fast as 500 MHz, allowing for readout 
of the captured trace at rates well above 1 MHz.  

 

 
 

Figure 7: Response of the FPS to a fast calibration pulse, 
clocked out of the SCA at 2 MHz. 

Figure 7 shows a pulse sampled at the maximum sam-
pling rate, introduced by fast pulser and read out by clock-
ing out the SCA elements at 2 MHz into a digital oscillo-
scope. By sweeping the pulse delay over the full ns capture 
window, the sampling period was determined to be 28 ps, 
corresponding to a maximum sampling rate of about 36 
Gs/s. Applying this calibration to a series of pulses of 
steadily increasing size yields the FPS excitation profile of 
Fig. 8. Linear behavior is observed until the peak response 
voltage reaches approximately 160 mV, after which the re-
sponse stops increasing, maintaining its 20-80% rise time 
of approximately 67 ps while approaching a maximum 
height of 210 mV and a maximum slew rate of 2.4109 V/s. 
Using a fast (13 GHz) probe at the input to the ASIC, the 
20-80% input signal rise time was determined to be ap-
proximately 47 ps; consideration of the difference between 
the input and output rise time suggests that the FPS readout 
is operating with a bandwidth of at least 5 GHz. 

 
Figure 8: Excitation profile of the FPS ASIC. 

By repeatedly triggering the FPS chip when no pulse is 
introduced, the electronic noise can be measured for each 
element of the SCA. Figure 9 shows the distribution of 
noise measured in this manner; a mean value of approxi-
mately 550 V is obtained, and thus a dynamic range of 
approximately 300, corresponding to a dynamic range in 
excess of 8 bits. As an additional application, of the system, 
considering the maximum slew rate of 2.4109 V/s, this 
noise performance implies that the electronic jitter contri-
bution to the measurement of the time-of-arrival of an in-
tense ionizing particle pulse could be as little as 230 fs. 

 

 
Figure 9: Distribution of electronic noise measured on each 
of the 45 elements of the SCA. 

INTEGRATED MULTI-GHz DETECTION 
SYSTEM 

Figure 10 displays a photograph of the integrated multi-
GHz detection system currently under development by the 
AAD collaboration. The lit area in the center of the board 
is the region depicted schematically in Fig. 6. The results 
presented in the previous section were observed for an FPS 
ASIC loaded onto this board, but as of the writing of these 
proceedings, the compact signal path (diamond sensors, 
sense resistor and capacitive signal return path) had not 
been added to the board. However, the signal path has been 
modelled in the ANSYS HFSS framework, with the FPS 
ASIC represented via an idealized ohmic input impedance 
of value 50 Ω. The signal path has also been studied in iso-
lation, as discussed in the following section. We expect to 
test the full system in a beam later this year.  
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Figure 10: Prototype multi-GHz detection system. 

Figure 11 depicts the model used to simulate the com-
pact signal path concept in HFSS. The dimensions and 
electronic characteristics of the back-contact resistor, sin-
gle-layer capacitor array, and diamond sensor reflect those 
of available components (such as those displayed in the fol-
lowing section). The simulated responses of the system at 
the sensor side of the 10 Ω sense resistor, and at the 50 Ω 
FPS proxy resistor, to a signal expected from a very thing 
(10-20 m) sensor is shown in Fig. 12. The FWHM of the 
simulated signal response is in the 60-80 ps range, corre-
sponding to a simulated system performance in the 5-10 
GHz range. 

 

 
Figure 11: Depiction of the detection system model used 
to explore the compact signal path concept with the AN-
SYS HFSS framework. 

 

Figure 12: Simulated output traces (red and green) excited 
by a high-bandwidth excitation (blue). 

Since the AAD collaboration has been funded to develop 
a mutli-GHz position-sensitive sensor, a quadrant detection 
system has also been simulated. Figure 13 shows this sys-
tem, which includes 50 Ω traces laid out on top of high-

bandwidth Rogers4350B dielectric that reach the 50 Ω 
proxy resistors of the four-channel FPS ASIC. Figure 14 
shows the simulated response to an excitation from the 
30m thick, 33 mm2 quadrant diamond sensor that has 
been prepared for use in the system. Signal response with 
FWHM in the 100-120 ps range indicates an overall per-
formance in the 4-5 GHz range. Work continues with the 
HFSS simulation to understand and mitigate the dominant 
limitations to the system bandwidth in preparation for the 
fabrication of the quadrant system in 2025. 

 

 
Figure 13: Model used to simulate a quadrant detection 
system. 

 
 

Figure 14: Simulated response (blue, orange) to an excita-
tion (green) from a 30 m thick quadrant sensor. 

ISOLATED SIGNAL PATH STUDIES 
In order to explore the performance of the compact sig-

nal path independently of that of the FPS ASIC, a high-
bandwidth readout system has been developed making use 
of a commercial 13 GHz amplifier chip (the Minicircuits 
EHA-163L+ RF amplifier [10]). This system should allow 
for the use of alpha particles from standard radiological 
sources (typical kinetic energy of 5 MeV) to characterize 
signal-path behaviour, rather than a test beam, the schedul-
ing and use of which takes significant time and effort. A 
preliminary version of this PC board-based readout system 
has been fabricated with low bandwidth FR4 dielectric; a 
high bandwidth version making use of Rogers4350B die-
lectric is currently in process of submission for fabrication. 

Figure 15 (left) shows a picture of this system, with a 
blow-up of the signal path assembly shown on the right. 
The assembly makes use of a 33 m thick, 22 mm2 dia-
mond sensor with a single planar electrode. Figure 16 
shows the response of the system to excitation by a fully-
absorbed alpha particle from an Americium source. The 
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response sharpens as the detector bias is increased, indicat-
ing that charge collection speed, along with the use of low-
bandwidth FR4 dielectric, could be limiting the speed of 
the response. For the highest bias voltage, the 95 ps signal 
rise time is consistent with 4 GHz performance of the sys-
tem. 

 

Figure 15: Signal-path test board composed of a compact 
signal path assembly read out by a 13 GHz commercial am-
plifier. The right-hand photograph shows a blow-up of the 
signal assembly; a 33 m thick, 22 mm2 diamond sensor 
is connected by an indium band to a 10 Ω back-contact 
sense resistor, which is bonded out to a pad that is capaci-
tively coupled to the input of the amplifier. This prelimi-
nary version has been implemented on a board composed 
of low-bandwidth FR4 dielectric. 

 

Figure 16: Response of the discrete signal-path system to 
the absorption of an alpha particle, as a function of sensor 
bias. 

SUMMARY AND OUTLOOK 
In summary, the AAD collaboration has made strides to-

wards the development of an integrated multi-GHz ioniz-
ing particle detection system, with a goal of producing a 
four-channel (quadrant) position-sensitive detection sys-
tem that can operate at or above 5 GHz in late 2026. The 
work includes the development of the FPS ASIC, intended 
to be closely integrated with the compact, high-bandwidth 
signal path. First results, based on calibration pulses for the 
FPS and alpha particle absorption for the compact signal 
path, suggest progress is being made towards the 5 GHz 
target. Overall performance of the first-stage prototype 

system will be evaluated in a run in an ionizing particle 
beam, expected by the end of 2024. A preliminary, inter-
mediate-bandwidth (50 MHz) quadrant pass-through diag-
nostic has demonstrated position resolution of 1% of deliv-
ered beam width. In addition to its intended use as a beam 
diagnostic, the approaches developed here could have ap-
plications in precision timing, and in fusion energy re-
search, especially inertial confinement, for which the event 
burn duration is of the same order as the target temporal 
response function of the initiative. 
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