Received: 31 July 2024

Revised: 3 January 2025

Accepted: 9 January 2025

DOI: 10.1002/acm2.70051

REVIEW ARTICLE

JOURNAL OF APPLIED CLINICAL

MEDICAL PHYSICS

A systematic review of electron FLASH dosimetry and
beam control mechanisms utilized with modified
non-clinical LINACs

Justin DeFrancisco’

"Medical Physics Program, Virginia
Commonwealth University, Richmond,
Virginia, USA

2Department of Radiation Oncology, School
of Medicine, Virginia Commonwealth
University, Richmond, Virginia, USA

Correspondence

Siyong Kim, Department of Radiation
Oncology, School of Medicine, Virginia
Commonwealth University, Richmond, Virginia
23284, USA.

Email: siyong.kim@vcuhealth.org

| Siyong Kim'-?2

Abstract

Background: FLASH has been shown to spare normal tissue toxicity while
maintaining tumor control. However, existing irradiation platforms and dosime-
try are not compatible. Consequently, an abundance of FLASH delivery devices
and new dosimetry across all modalities has been created. Many review arti-
cles concluded that dosimetry is modality-dependent. Focusing on electrons,
researchers have modified clinical LINACs to enable FLASH dose rates. Mod-
ified LINACs caused the development of unique control systems that have
yet to be characterized. Improvement could be made when considering the
organization of reviews.

Purpose: To systematically perform a literature survey on electron FLASH
dosimetry and beam control mechanisms with modified LINACs, detail where
articles originated, and organize the results.

Methods: A literature survey was performed from two websites using specified
keywords and sifted results to find articles that fit the criteria. The results were
organized in tables and summaries effectively by matching up dosimeters with
their measurement goal, referring to their specific models, outlining the irradi-
ation conditions they were tested in, and detailing their calibration procedure.
Furthermore, included was the unique topic of control mechanisms.

Results: Twenty-eight matches were found. Various dosimeters were examined
to measure absorbed dose, beam characteristics (BC), dose per pulse (DPP),
and pulse counting (PC). Specific detectors and the irradiation conditions are
organized and presented in a table. Each model’s pros and cons are presented
in another table for further consideration. A third table is provided to detail beam
control methods.

Conclusions: Dosimetry is majorly film-based for absorbed dose and beam
characteristic measurements. Many candidates for dosimeters for the use of
DPP and PC have been tested, but they have yet to be tested without limitations.
Beam control mechanisms primarily consist of unacceptable delivery errors.
Many suggestions for improvement were given, mainly consisting of finding new
dosimeters and modulating the dose DPP.
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1 | INTRODUCTION

Conventionally, external beam radiotherapy utilizes low-
dose-rate irradiation techniques, achieving a maximum
of 6 Gy/min.! These dose rates have been widely
accepted as the optimal method until the current decade.
Favaudon et al? rediscovered that raising the dose
rate to > 40 Gy/s (FLASH or ultra-high dose rate,
UHDR) decreased the normal tissue complication prob-
ability without affecting the tumor control. There is an
abundance of research confirming the FLASH effect
biologically?~° Due to the great number of findings, sev-
eral notable FLASH effect reviews have already been
published 5-1° Confirmation of this effect is still widely
ongoing due to challenging obstacles that need to be
overcome to make FLASH applicable. Current dosimetry
techniques and delivery devices are no longer compati-
ble with UHDRs. In an attempt to harness this normal
tissue-sparing effect, many researchers have begun
studying solutions. FLASH has been achieved for sev-
eral radiation modalities, such as protons, heavy ions,
photons, and electrons. For dosimetry solutions, hun-
dreds of studies already warranted the formation of
several review articles. The most notable were con-
ducted by Ashraf et al.,'" Romano et al.,'? and Siddique
et al.’> These reviews present compatible detector
classes, explain the operational mechanisms of each
class, and outline the determined properties in UHDRs.
However, these reports are comprehensive, covering all
dosimetry methods across every modality of FLASH
in the same review. After analyzing differences across
each modality, these reviewers conclude that dosime-
try depends on the specific particle type. In the review
conducted by Siddique et al.,'® for instance, they state,
“There is a need to investigate the dosimetric prop-
erties of various radiation modalities used in FLASH
RT, including electron beams, proton beams, and x-rays.
Each modality may have distinct dosimetric characteris-
tics, and understanding their behavior in the context of
FLASH RT is crucial for optimizing treatment planning
and ensuring accurate delivery”. If dosimetry depends
on the particle beam used, the literature reviews about
dosimetry in each modality should be split up.

Each modality has a multitude of irradiation devices
available for study. The most advanced choice of modal-
ity is protons, which have already begun clinical trials.
The main issue with protons lies in their availability
to researchers. There are very few centers in the US,
with the National Associate for Proton Therapy report-
ing 46 centers at the time of writing.'* Only some
centers can achieve FLASH dose rates, limiting the
abundance. Heavy ions are even rarer. Photons are
available, but FLASH photons predominantly consist of
kilovoltage sources. This energy level cannot effectively
treat humans since no skin-sparing effect occurs. The
last modality available is electrons. Electrons are safer

due to lower penetrability than the other modality types.
Safety is not as much of a concern even in FLASH dose
rates compared to other modalities. Obtaining an elec-
tron FLASH source has been made quite simple. Current
clinical LINACs have been able to undergo conversion
processes to increase the dose rate. Schiller et al.'®
pioneered this new technology by modifying a clinical
LINAC to deliver FLASH by tuning the LINAC and utiliz-
ing the inverse square law by placing the subjects into
the gantry head for irradiation. Placing subjects this way
was only a preclinical solution since the gantry head is
too small for humans. Other authors, such as Rahman
et al.'® and Sloop et al."” improved upon these results.
In these methods, FLASH dose rates occurred at the
isocenter by altering more components of the LINAC in
addition to tuning.

The significant barrier to entering electron FLASH
research is having a decommissioned LINAC. No com-
missioned clinical LINAC can be converted for FLASH
due to patient safety concerns and vendor contract
violations.'” Some vendors, such as Varian, have their
own LINAC conversion package. Sloop et al.'” explain
that the manufacturer safeguards modifications. Using
an unapproved conversion violates their service con-
tract. This results in the termination of any contract for
that LINAC system.!” Independent conversions will be
able to perform preclinical investigations only.

Opposed to modifying a LINAC for FLASH, many
FLASH electron-specific devices are on the mar-
ket. Most are intraoperative radiation therapy (IORT)
devices. Examples are the Oriatron eRT6, the Mobe-
tron, and the electronFLASH research system. These
LINACs have designs that are different from those of
standard medical LINACs.'®"° The electronFLASH sys-
tem located in Italy has a shorter waveguide, different
energies (5 and 7 MeV), toroid sensors in the waveguide,
and several other differences.'® This research device
can achieve larger field sizes than modified LINACs
and more significant dose rates up to 10,000 Gy/s."”
The Mobetron is made for IORT, where the appli-
cators are placed directly in the patient, and large
single-dose deliveries are conducted.'® Additionally, this
device is self-shielded and limited to 12 MeV beams.'®
These devices are well established. However, modi-
fying LINACs to achieve electron FLASH dose rates
has many advantages. These new devices require new
installations, staff training, enormous upfront costs, and
sometimes new shielding. Except for self-shielded mod-
els, the electron-specific devices and modified LINACs
will take up a vault. Currently, the modified systems are
purely preclinical. If these platforms mature, they will
be the easiest to implement in the clinic with neces-
sary safety features and processes established. LINACs
could have separate conventional (CONV) and FLASH
modes built into the same system. This is not an
unusual thought. Current clinical LINACs already have
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several modes consisting of photons, electrons, flatten-
ing filter-free, and stereotactic capabilities. The current
design switches between modes via the movement of
mechanical components, changing currents, and alter-
ing waveforms. The modifications to the LINACs to
enable FLASH are no different. With this method, vault
space could effectively be saved. Many generalized
LINAC procedures can still apply to these systems, and
workflows can remain similar. There is one significant
issue with converted LINACs. Transmission ion cham-
bers are no longer compatible with FLASH due to the
recombination factor shifting out of clinical tolerance. For
a CC13 ion chamber, Poirier et al2% measured the TG-
51 recombination correction to be 1.06. This value is
outside of clinical tolerance2° Similar issues along with
saturation have been observed with the transmission
chambers.'®17:2" However, many studies have emerged
to create new control methods and attempt to fix the
current. Part of this review summarizes the new beam
control mechanisms tested.

The other half of this review focuses on electron
FLASH dosimetry, as there is a need for modality-
specific FLASH dosimetry reviews. Aside from modality
specification, a different approach is used for the over-
all organization of the dosimetry portion. In previous
reviews, dosimeters were referred to more broadly by
class. Additionally, much space was used to discuss
the operation principles of these classes. In this review,
dosimeters are organized in terms of measurement
goals, consisting of the measurement of total absorbed
dose (TAD), beam characteristic, dose per pulse (dose
per pulse, or reading per pulse [RPP] if uncalibrated),
and counting pulses. Only detectors capable of the
direct measurement of each goal are included. Spe-
cific information is also provided, such as calibration and
tested irradiation conditions. The dosimeters confirmed
to achieve these measurement goals are stated in tables
by referring to the specific models tested. Detectors
of the same class can have different operational abil-
ities and architecture. Referring to models specifically
helps illustrate what models have been examined and in
what conditions they have been validated for use. How-
ever, since the operational principles and properties of
general classes of detectors in FLASH have been suf-
ficiently covered previously, this information is omitted
from this report.

The organization is further optimized by following the
recommendations of Erol et al?? for structuring a review
article. The literature survey conducted here is system-
atic. The steps in finding the papers reviewed is clearly
outlined for the reader in the methods section. The
results section has exclusion information of papers in
the search and has the actual review itself. This review
structure gives the reader a clear path to find these
papers.

This review article is for institutions setting up or pos-
sessing a FLASH system by modifying a clinical LINAC

Journal Title A

Applied Sciences (4)
Cancers (4)

International Journal Of Radiation (3)
Oncology, Biology, Physics

Journal Of Applied Clinical Medical Physics (7)
Journal Of Physics. Conference Series (4)
Medical Physics (40)

Medical Physics On Cd-Rom/medical (17)
Physics

Physics In Medicine & Biology (22)

Physics In Medicine & Biology/physics In ~ (14)
Medicine And Biology

Scientific Reports (6)

FIGURE 1 Journals from VCU libraries that were examined in
this review. The number on the side corresponds to the number of
results found in each journal. These were all results of the literature
search detailed later in this section.

to deliver electrons. Readers will learn about dosimetry
availability for each measurement goal. The detectors
achieving measurement goals are discussed by model
type, and the conditions they have been tested are
clearly outlined. This review provides calibration proce-
dures for some detectors and current work on beam
control systems. The results of this review are outlined
in tables. One table outlines the pros and cons of every
detector examined. These pros and cons are only those
discussed in the reviewed reports. This table provides
complete transparency regarding the appropriate use of
detectors.

2 | METHODS

The recommendations from Erol et al.??> were followed
for this review. The databases utilized were Google
Scholar and our university’s library website, Virginia
Commonwealth University (VCU). Affiliates of VCU are
granted free access to various journals through the VCU
Libraries website. Figure 1 depicts the journals found
with relevant articles from this systematic search. The
library’s entire database of journals is too large to be
detailed in this report. A complete list can be found here:
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https://guides.library.vcu.edu/az.php (as of November
2024).

A preliminary search helped formulate a keyword
scheme to use for this review. Upon much refinement,
the chosen keyword scheme was Electron & (FLASH
OR “FLASH-RT” OR “FLASH irradiation”) & (UHDR
OR ‘ultra high dose rate” OR ‘ultra-high dose rate”) &
Linac & Dosimetry & Detector. This keyword scheme
got copied and pasted into each website’s search bar.
Many articles refer to FLASH and ultra-high dose rate
in several different ways. Several unique options were
included for these terms. We consider this combination
provided enough number of articles with minimal risk of
overlooking significant publications.

From the same preliminary research on this topic,
many articles credit Favaudon et al? as the pioneer
in modern FLASH radiotherapy research. Due to the
extensive credit to this study and the convenience of
the publication date being precisely 10 years ago, the
date range was set to be within the last 10 years. Aside
from setting a date range, both websites had a few spe-
cific settings. VCU libraries allow users to pick material
types in which “articles” were selected. They also allow
users to select only open-access and peer-reviewed
options, which were not selected for this review. On
Google Scholar, the boxes corresponding to including
results with citations and patents were deselected.

The next step was to sift through the results. This
systematic review aimed to return articles that modi-
fied a LINAC to deliver electrons at FLASH dose rates
discussed dosimetry characterization, and/or provided
insight into how they established beam control. A two-
step process was performed to find articles returned
from this search that fit the criteria. In the initial refine-
ment stage, the title and abstract of each full article
found were read. An issue with this was that articles typ-
ically do not include the irradiation device model in the
title/abstract, and the device is embedded in one of the
body sections instead. Journals only sometimes allow
product names in the title and abstract. If it needed to be
clarified from the title and abstract that a modified LINAC
was being utilized, the article would be skimmed to find
the irradiation device. Unfortunately, skimming articles
in full added significant time to the search. Repeated
articles from the two websites were removed in the sec-
ond refinement stage. Once all articles were unique,
each was read fully to determine if they belonged in
this review. The results section further details specific
reasons for exclusion in each stage.

3 | RESULTS

3.1 | Article selections

Figure 2 depicts a flowchart summarizing the number
of papers found versus those included in the review.

VCU Libraries

Databases
(JACMP, MP, PMB, ctc.)

Google Scholar

{ Keywords: Electron & (FLASH OR “FLASH-RT” OR “FLASH irradiation™) & (UHDR ]

OR *“ultra high dose rate” OR “ultra-high dose rate”) & Linac & Dosimetry & Detector
Date Range: 2014 - 2024 & Site Specific Settings

Initial Results Initial Results
n=672 n=126

[ Initial Refinement ]
Results Results
n=39 n=20

[ 16 Repeats Found (n = 43) ]
&

Final Refi

t by Reading Articles in Full

Final
n=28

FIGURE 2 Flowchart depicting a summary of the search
conducted. The chart reads top to bottom, with each website in a
column. This search resulted in 28 papers for this review.

The systematic search found 28 relevant papers for this
review.

There were several major reasons why articles were
not included in this report. In the initial stage, many
studies did not involve a modified LINAC but rather
an electron FLASH-specific device. Another main rea-
son was that articles did not involve electrons but other
modalities like protons, heavy ions, or photons. Some
articles involved potentially valuable devices for FLASH
but were only testing them in CONV mode or simula-
tions. Other exclusions were due to undesired formats
like thesis works, presentations, other reviews, non-
reviewed preprints, or partial texts. Sometimes, the same
article would appear on the same site multiple times
because it was published in multiple journals. Lastly, a
few articles had access restrictions.

After removing repeats from both site’s results, the
articles were read in full and omitted if they did not
fit the criteria. Papers were excluded if they did not
go into enough detail about dosimetry or control to
be included in the tables. A lack of detail could occur
because the article was primarily biological. In these
studies, the irradiation device and dosimetry were irrel-
evant to the objective. Alternatively, due to many articles
being published by the same groups with the same
irradiation platforms. In successive publications to the
establishment of the converted LINAC, the original
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paper was referenced instead of reexplaining the con-
trol and dosimetry methods. In this stage, articles were
removed if the previous criteria from the first refinement
were missed. In a few studies, the dosimetry failed, and
detectors were not recommended. These were removed
if the article did not additionally speak on control. This
report aims to provide a comprehensive list of detectors
available for use. Lastly, a few studies involving radia-
tion surveying or failure modes and effects analysis only
were excluded.

3.2 | Dosimetry

A portion of the literature survey resulted in the findings
of many detectors examined in FLASH. They have been
confirmed to be capable of measuring various quantities
with modified LINACs. Table 1 organizes these findings.
Dosimeters are grouped into the general class and then
are specified by separating each model into rows. The
article was excluded from this table if the model was not
provided. The calibration, comparisons to other dosime-
ters,and irradiation conditions were included. Conditions
other than those in the table have yet to be exam-
ined, and readers should use caution when entering
that domain. To make the table more effective, illustrated
are the measurement goals each model was examined
to collect. Measurement goals consist of TAD, beam
characteristics (BC), DPP, RPPR, and PC.

BC includes percent depth dose (PDD) plots, cross-
sectional profiles (flatness/symmetry), output versus
gantry angle, and so forth. BC identifies the converted
beam’s spatial output, typically in a phantom. These
characteristics are essential for dose calculations with
treatment planning software and are necessary if the
FLASH beam is ever used on subjects. Due to the
vast diversity of BC, Table 1 specifies these in their
corresponding rows.

Due to the limited work on measuring these quanti-
ties, DPP, RPP, and PC are challenging dosimetric topics
with FLASH beams. These quantities are not measured
in CONV mode, though they are known. In an AAPM
summer school presentation, it was stated that a typi-
cal Varian LINAC (very general statement) has a DPP
of 0.03—-0.06 MU/pulse.” This is a very small amount,
and thus characterizing this quantity is not essential in
CONV mode. In FLASH, the DPP is very large, raising
the importance of measuring it. The RPP and PC are
closely related quantities to DPP. RPP is DPP without
calibration to dose. PC only measures how many pulses
are delivered but does not provide pulse height infor-
mation (i.e., dose). In Section 3.2, it is shown that the
popular method to control FLASH LINACSs is by counting
pulses instead of monitoring by dose. In this situation,
it is essential to be able to characterize the DPP for an
approximate prescription. As shown in Table 1,there are
many detectors capable of measuring DPP (or RPP).

MEDICAL PHYSICS 2=

Note that not all of these detectors can resolve DPP
online. Some detectors require post-processing proce-
dures first, where the DPP information is extracted later.
In this field, the need for online detectors is becoming
crucial. To clearly illustrate which detectors are online,
detectors are marked with a b sign after in Table 1.

The pros and cons of all of the detectors in Table 1
are presented in Table 2. This table aids in choosing a
detector by providing further considerations. The pros
and cons in Table 2 are only those discussed in the arti-
cles found in this review. Some of the general pros and
cons of detector categories can be found in other review
articles for FLASH dosimetry, such as Ashraf et al.,!
Romano et al.,'? and Siddique et al.'® Specific infor-
mation regarding detector properties, how they function,
and their characteristics is beyond the scope of this
review.

Gafchromic film (EBT3 and EBT-XD) were over-
whelmingly preferred dosimeters for measuring TAD,
BC, and to compare to other detectors. They are well-
understood to be compatible with FLASH. Therefore,
specifying conditions in each study would not be use-
ful in the film rows. Film studies are combined into one
row per film model to reduce redundant information. In
terms of FLASH studies, EBT-XD is considered supe-
rior to EBT3 according to Rahman et al.,'® who argue
for this due to the improved dynamic range and elimina-
tion of certain artifacts. The significant limitations of film
are its passive nature and lengthy calibration/readout
procedures. Along with film, most detectors found in this
survey were passive. This abundance of passive detec-
tors is likely a consequence of the limitations of current
online dosimetry using ion chambers.

Many resulting articles still utilize ion chambers under
FLASH beams. Instead of characterizing new detec-
tors, some studies hope to correct existing systems.
Many recombination models were examined with dif-
ferent chambers. In Szpala et al.** four models were
examined. Like the Poirier et al2° group, they found the
standard two-voltage method inadequate. A Boag model
worked well for the lower dose rate range.** The most
optimal correction models account for free electrons*
These results are to be taken lightly, as the models were
designed for a parallel plate chamber but were applied
to a CC13 Farmer chamber. Oh et al3° found that the
logistic model worked the best. However, saturation was
observed for their ion chamber above 0.1 Gy/pulse.
Saturation is a complex issue to fix, which may limit fur-
ther investigation of correction models. One approach
to improving the collection efficiency was presented in
Adrian et al#? This article was in the film section of the
table since the chamber was used to verify film mea-
surements, but their approach was unique. A farmer ion
chamber was placed on the room’s ceiling to take advan-
tage of the inverse square law for reducing the dose.*°
The reading was then correlated to the dose from film #°
However, there are most likely reproducibility issues from
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TABLE 2 Dosimeter pros and cons.

Detector Uses? Pros Cons Resource(s)
Gafchromic EBT-XD TAD Widely utilized Large uncertainty (up to Oh et al 30 Cetnar
Film BC DR independent 4%) etal’’

Better dynamic range and
lower uncertainty than
EBT3

Calibration in CONV

Can be cut and shaped to
desired size

Gafchromic EBT3 TAD
Film BC

Widely utilized

DR independent
Calibration in CONV

Can be cut and shaped to
desired size

0OC-1 OrthoChromic TAD
Film BC

Higher saturation level to
dose than EBT3

Better high dose rate
performance than EBT3
and EBT-XD

Utilize for high dose
measurements

microDiamond PTW TAD Linear response up to
BC 1.5 Gy/pulse

Could be used as primary
detector for beam
characterization (SN
122325)
PDDs and profiles
agreement with EBT3
Gafchromic film
Could be used to measure
output factors and output vs
gantry angle

Edge Diode SNC TAD Linear response
1118 (N-Type) BC DR, energy, and DPP
DPP independent

Good temporal resolution
(0.1 ms)
Comparable to IC in terms
of precision
No recombination correction
Agreement with EBT-XD
Gafchromic film to within 3%
Energy independent within
4% of film
Good SR
Dose conversion given
Agreement with W1
scintillator within -7 to 5%
Tested during ramp up as
well (various DPP) and had
4.5% error bars (only due to
threshold setting with
device)
Independent of repetition
rate

Passive and requires read
out time. Usually, 24 hrs.to a
week

Many calibration
measurements required
with known dose delivered
Orientation effects

Large uncertainty (up to
4%) Passive and requires
read out time. Usually,

24 hrs. to a week Many
calibration measurements
required with known dose
delivered Worse dynamic
range and higher
uncertainty than EBT-XD
Orientation effects

Requires reflection mode
scanning

Above 1.5 Gy/pulse is
uncertain Required cross
calibration There is another
more optimized model from
PTW flashDiamond

Film has a higher SR
Lost 0.4% per kGy of
sensitivity

Needs further
characterization
Electrometer requires
customization (simple and
provided by manufacturer
though)

Not tested above

0.78 Gy/pulse and 180 Gy/s
USB not fast enough to
transfer data in real time

No et al 3
Petusseau et al 38
Rahman et al 3!
Sloop et al.'”
Jorge et al 28
Konradsson et al 26
Garty et al 3
Adrian et al#°

Deut et al*!
Konradsson et al#2
Kyle et al®
Lempart et al. 2
Levy et al*®
Szpala et al**

Xie et al4®

Garty et al®®

Dal Bello et al?3

Rahman et al?*
Sloop et al'”

(Continues)
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Detector Uses? Pros Cons Resource(s)
EDD 2-3G Diode IBA PC Agreement with an external Required construction of a Lempart et al 25
monitor chamber (monitor MCU to actually count Konradsson et al?®
chamber was able to No information on DPP
measure DPP with large
uncertainty after corrections
applied)
Was able to control delivery
by # pulses and was
accurate every time (> 1000
trials)
EDP 20-3G Diode TAD Can be used to tune a Study did not mention the Lempart et al?®
IBA LINAC to FLASH calibration procedure
Could be calibrated to
measure output in FLASH
Linear with dose
Linear with DPP compared
with film
lon Chambers TAD Can provide accurate data Saturation and Kyle et al?5
BC for profiles in UHDR recombination effects at Oh et al 36
Can be used to approximate UHDR outside of clinical Poirier et al 2!
DR tolerance No et al**
Logistic model can Requires many verification
accurately track saturation tests alongside other
detectors first
Requires models to correct
for recombination
Saturation at “low” DPP
Profilers need to be used at
a low voltage and far away
from the source to
compensate
W1 Scintillator TAD Agreement with film Major damage issues of Ashraf et al?®
Exradin DPP measurements 16.2% loss / kGy (declines
Independent of DR up to after accumulation of more
360 Gy/s, DPP up to dose)
1.1 Gy/pulse, and FS Recalibration required
Microsecond temporal almost every use
resolution Must account for Cherenkov
production
Tedious calibration (10
measurements, 2 factors)
W2 Scintillator TAD Agreement with 2% of film MAX SD required Oh et al®®
Exradin with MAX MAX SD corrects for modifications by vendor
SD Cherenkov itself (otherwise saturates)
Smaller model linear with Large volume model
dose up to the max settings saturates at “low” DPP
of the LINAC Optical fiber damages 2%
No pulse repetition per kGy
frequency non-linearity
TLDs TAD Close agreement with EBT3 Requires correction factors Motta et al?”

film

Calibration can be traced to
primary standard
Reproducible response with
different total dose at high
DPP

DR independent (up to

3 x 105 Gy/s)

for electrons

Farther off from dose than
film and alanine in UHDR
For short SSD, may require
energy correction

Some sensitization effects

Jorge et al?®

(Continues)
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Detector Uses? Pros Cons Resource(s)
OSLDs TAD Reproducible response with There was a BeO OSLD Motta et al?”
different total dose at high with a higher sensitivity that
DPP was affecting the DR plots
DR independent (up to (package to package
3 x 10°5 Gy/s) variability)
AI203:C was most Conflicting results with
precise—agreement with Al203:C across studies
film within 3% Some sensitization effects
Alanine Pellets TAD Close to the expected dose Farther off in dose from film Jorge et al?®
(more than TLD and film in and TLD
the study) in UHDR Study had no absolute
Agreement to film within 2% reference, results may need
Reproducible further testing
Passive, requires EPR
Quad Channel BC Can gate to LINAC signal Low SNR without intensifier Rahman et al*®
CXP-12 GigaSens RPP and match repetition rate Intensifier reduces SR

(Concurrent EDA)
CMOS Camera

DoseOptics iCMOS TAD
Camera BC
HC-120 PMT with OF PC

read with 3000
series Picoscope

with capture

Excellent SR

Temporal resolution to
capture each pulse

Used in vivo

Can maybe obtain
estimates of dose, DR, and
DPP

Picks up respiratory motion
effects on DPP when
utilized in vivo

Worked up to 360 Hz (FPS
was matched to 360)

Can provide spatial dose
distribution info on a
pulse-by-pulse basis, not
just total dose

Linear response

Dose rate independent
(tested up to 400 Gy/s)
DPP independent (tested
up to 0.91 Gy/pulse)
Scintillation imaging was
better than Cherenkov,
especially with bandpass
filtering

Good SR

Can reconstruct or directly
measure profiles/PDDs per
pulse

Can achieve high passing
rates for certain profiles
against film

High spatial resolution

(1 mm"3)

DR independent

Linear with dose (up to

200 Gy tested) and DR (up
to 300 Gy/s tested) (360 Hz)
Could be used in place of
target signal that tunes the
beam

Optical scattering causes
measured profile to extend
out of the treatment field
Requires dark and flat field
corrections

Requires median filtering
Did not convert pixel density
to dose

No information on DPP

Cherenkov did not work for
PDDs/ profiling due to
lateral scatter

Technique needs further
improvement based on
optical alignment, better
viewing, speed

Must filter Cherenkov signal
from Scintillation signal due
to energy dependance
cintillation requires a
quinine sulfate solution
Disagreement with films on
PDD buildup and some
profiles

Applicator leakage imaging
to remove

Lots of processing steps

No information on the
absolute dose in a pulse
Was placed at the edge of
the field to just monitor the
output pulse by pulse
Read out system limits
temporal resolution (PMT
alone has nan-second
resolution)

Ashraf et al 32
Rahman et al®'

Rahman et al®'

(Continues)
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TABLE 2 (Continued)
Detector Uses? Pros Cons Resource(s)
Hyperscint RP100 TAD Comes with integrated Not all photodetectors are Poirier et al 2

scintillator system

calibration, and
auto-removes

Cherenkov/background
Software has a built-in pulse

counter

Linear with dose up to
several thousand Gy

software system that tells
exactly how to calibrate and
upload measurements for

read out simultaneously
causes under recording
especially if using for dose
per pulse (counting)

Dose calibration must be
performed everyday
Temporal resolution is close
to that of a 180 Hz beam
(2.5 ms)

< 0.4% signal loss per kGy
Agreement to films within

4%
Remote Trigger Unit PC
DoseOptics expected for low

frequencies

Pulses measured matches

Ashraf et al2®
Rahman et al.’®

Positional dependance with
respect to the field

PC has some errors in
higher repetition rates
(maybe due to lag in
gating—see control system
section)

Decay time causes issues

aUses of detectors are one of the following options: Total absorbed dose (TAD), beam characteristics (BC), dose per pulse (DPP), reading per pulse (RPP, same as

DPP but not calibrated), or pulse counting (PC).

placing the ion chamber on the ceiling. The correlation
to film likely has variation.

If familiarity is desired, another option is to use a diode.
Diodes are commonly used for arrays, patient-specific
QA, and to collect test point signals from the LINAC.
They are well-understood and have a workflow similar to
that of ion chambers. Resulting articles show that diodes
are proving to be useful for FLASH beams. They can
measure DPP, sometimes even online.

The most abundant result, aside from films, was the
use of radioluminescence detectors. This subgroup is
proving to be a valuable candidate for online beam
monitoring. Several unique detectors were utilized for
these measurements, most notably CMOS cameras.
The iCMOS from DoseOptics demonstrated success
with scintillation (as detailed in Table 1)3" However,
Cherenkov measurements exhibited dose blurring in
the penumbra, making characterization with Cherenkov
less accurate®! The Ashraf et al.®? study mentions that
Cherenkov has energy dependence, warranting caution
for use in FLASH. These cameras could still take on
the role of in-vivo PC and estimation of surface pro-
files. Scintillation is one of the most promising methods
to examine. However, every system comes with issues.
The W1 scintillator from Exradin experienced serious
radiation hardness issues, losing a maximum of 16.2%
response per kGy2° Oh et al2? characterized the new
model W2 in FLASH. The degradation in this model
has decreased to 2% per kGy=? In the new model, this
is caused by the optical fiber3° The Hyperscint RP100
is a very intriguing system. It can provide calibration

steps with measurements uploaded to the system, auto-
matic removal of Cherenkov, and count pulses with no
additional circuitry needed ?? Degradation still exists, but
much less than the other systems (< 0.4% per kGy).
A significant issue is the periodical under-recording of
doses?? Lastly, the remote trigger unit was used to count
pulses. Ashraf et al?® mention that the reasoning for
the coincidence was to ensure the measurement was
from the beam itself and no other sources, such as cos-
mic rays or spurious particles'® arising from scintillator
afterglow or neutron products decaying?® It is unclear if
these issues could occur with other scintillator systems.

A group in ltaly is researching a different potential
solution to online monitoring in FLASH. The articles
study the use of sensors (silicon or diamond) to use as
a monitor. These articles were not included in the table
because they are so unique, and as of now, they do not
measure DPP/RPP, BC, or count pulses. Instead, they
measure the temporal structure of the output pulses
from the LINAC“! Electron and hole pairs are cre-
ated in the sensor, and voltage is applied to collect the
charge and measure the current*® They are so dis-
tinct that no device can compare the readings. Deut
et al*! studied a silicon sensor from Fondazione Bruno
Kessler with eight active volumes. The device is linear
with DPP up to 10 Gy/pulse*' This sensor was placed
under a high voltage, and the output was connected to
an oscilloscope for reading/display*’ The RPP could
be determined by integrating the signal and dividing
it by the oscilloscope’s input impedance*! The signal
had to be corrected for voltage offset first*! Medina
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et al.;*® from the same group, studied a different mate-
rial, diamond. Diamond has decreased sensitivity, which
is suitable for FLASH.*® Added to the diamond are silver
layers and a high-voltage distribution board *® Once con-
structed, the device works similarly in that high voltage is
applied, and the current is read out by an oscilloscope.*®
This sensor had a drawback in the first few pulses;
the collected charge was incomplete*S It turns out that
defects of the diamond trap electrons initially, but once
the traps are filled, the signal stabilizes*® They hypoth-
esize that this issue could be fixed with pre-irradiation,
but a study should occur*® The group hopes to calibrate
to measure DPP in the future, and a comparison study
could be conducted. The calibration idea is to correlate
the integrated charge measurement to the dose from
film or an ion chamber?'

3.3 | Beam control mechanisms
Conventional beam control mechanisms utilize the
LINAC’s internal monitor unit chambers to halt delivery.
Due to specific issues with ion chambers discussed pre-
viously, new control systems must be developed. Table 3
outlines the articles that discussed their control sys-
tem in great detail. The table provides the reader with
detectors used, methods, accuracy, issues, and author
suggestions for improvements. Note that all detectors in
this section are online, which may give a more precise
illustration of those available. Be aware that detec-
tors alone cannot count pulses, but complex circuitry
systems are developed to assist them.

This literature survey shows that every institution’s
control mechanism is different. There are various ways
to achieve control, which is possible for any LINAC
model. Interestingly, how studies have the LINAC halt
the beam is diverse. Ashraf et al?? use the respiratory
position management switch box to shut the beam off.
There is latency with this approach. The gating switch
box method to assert the MLC hold-off signal used in
Rahman et al.'® has a similar issue. Some methods exist
with minimal to no latency, such as using an optocou-
pler circuit to prevent trigger pulses from reaching the
thyratron.2° The Varian FLEX package also has a per-
fect pulse-counting control system.23 Of course, this is
expected from the manufacturer of the modified device.
It still begs the question of what exactly they are doing
to control. Dal Bello et al.?® state that modifications are
made to the beam generation and monitoring firmware.
Besides this, it is unclear what the pulse counter detector
is and how the beam is getting shut off.

Regarding detectors, diodes, and radioluminescence
are the popular choices for online monitoring. Regard-
less of choice, the control accuracy in most situations
could be improved. This inaccuracy is an inherent
issue with the method for PC studies. In the low pulse
range, ramp-up was observed in LINACs.'®172° Ramp-

up means that the DPP is initially variable and has
a lower intensity. The smaller dose in pulses persists
for a few pulses until the DPP increases to a sta-
ble average value. This was an issue in the first 4—6
pulses.'® Because of the variability in the dose amount
in the beginning pulses, simply counting pulses does
not always correlate with a known dose in this range.
Therefore, PC only can lead to inaccurate deliveries.
Sloop et al.'” corrected this by tuning the automatic fre-
quency control system. However, PC will still be limited
to delivering multiples of the tuned DPP.

Regardless of the ion recombination issues, some
articles examine using the MU chamber. Szpala et al.*
found that the MU chamber’s response depends on
the pulse repetition frequency (PRF). The dependency
occurred for any PRF > 200 MU/min,** which most stud-
ies required to achieve FLASH. Sloop et al.'” found a
similar result on the PRF dependency of the MU cham-
ber. However, if the PRF is kept constant, a relationship
can be found between MU and dose.!” Sloop et al.'”
decided to use caution and only utilize the MU chamber
as a second layer of redundancy for their other con-
trol system. The control system was created in another
study, so this article cannot be found in Table 3. The
PRF dependency causes some accuracy issues in the
dose. In the study by Konradsson et al.,2® they employed
an external monitor chamber and applied correction
factors, including for recombination. The corrected MU
chamber worked well, except for the uncertainty induced
by these corrections.?® The article recommends a dif-
ferent solution. The only study to attempt dose-based
control without the MU chamber was Ashraf et al?°
In this study, the Exradin W1 scintillator measured the
dose. However, the control system had latency, which
degraded the accuracy. Additionally, the W1 experienced
radiation hardness issues, as previously discussed.

A couple of studies opted not to use detectors at all.
They examine utilizing internal LINAC signals for control
in hopes of improving accuracy. One study used Varian
service engineers. In the other study, Garty et al.,*® they
replace a signal with their own to control the electron
gun and klystron phases. By altering the phase, these
signals can become asynchronous when it is time to
deliver. The phase difference was observed in most of
their irradiations.3° A delay time was added to achieve
stability in each irradiation.3® Adding this time in practice
is impractical. This idea is the most intuitive, but messing
with internal signals must be done cautiously.

No beam control system examined here is the solu-
tion. Every author had suggestions for improvement
of their system. Similar suggestions were seen across
every study. There is a need to monitor by dose and
not by counting pulses. New detectors are needed. The
sensors studied by Deut et al*' and Medina et al*® are
showing promising results to become a potential can-
didate to fill this void. The other common suggestion is
to figure out a way to modulate the gun current to meet
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dose prescription goals. Many would like to modulate the
last pulse in the sequence. Konradsson et al?® cleverly
implemented a PFN synchronization to induce a user-
selectable time delay. This enables the utilization of the
DPP differences in the ramp-up. This attempt to mod-
ulate DPP needed to be more flexible, and they also
recommended modulating the last pulse instead.

3.3.1 | Other studies

Aside from Table 3, other studies from this literature
survey detailed control systems. These studies were
not translated into the table for various reasons. Some
needed to provide more details about the system’s
architecture. Others did not speak about the system’s
accuracy or provide suggestions for improvement. It may
be the case that other articles from the groups with more
detail exist. Since the corresponding articles were not
picked up from the systematic search, they are outside
the scope of this review. This section will briefly discuss
the study’s unique solutions.

With funding from the Canadian Institute of Health,
the BC Cancer Research Institute successfully modi-
fied a Varian TrueBeam LINAC to deliver FLASH dose
rates3® The article was mainly biological, which may
be the cause for the limited control discussion. Regard-
less, they did mention that the LINAC was controlled
in two ways. Scintillator measurements were fed into a
microcontroller unit (Arduino), which counted detected
pulses3® Additionally, the system was interfaced with the
LINAC timer interlock set to the minimum value of 1 s
to halt delivery® The connections from the MCU to the
LINAC could be made more explicit.

Before this, Levy et al.*® utilized a control method from
another article by Schuler et al. Interestingly, Schiler
et al.’® occurs within the date range examined beginning
in 2014 and is published in the Red Journal (ASTRO),
which is included in Google Scholar. However, this paper
was not found in the systematic search. The interested
reader can refer to Schiiler et al.'® for more details.
Levy et al*3 provide some insight into the control sys-
tem. The group utilizes a programmable controller board
(STEMIab 125-14, Red Pitaya) connected to a relay cir-
cuit that counts pulses detected by the internal monitor
unit chamber*® The board was connected to the respi-
ratory gating system to shut off the beam*® This gating
mechanism was utilized in studies like Rahman et al.'®
and Ashraf et al?? In these studies, there were some
latency issues, which most likely occurred here. Outside
of control, they employed an external monitor chamber
calibrated to film to provide a dose reading per delivery*>
The detector appears similar to Konradsson et al.;?®
but the external chamber did not provide dose-based
control.

Xie et al*® improved upon and simplified the control
system proposed by Lempart et al?® Internal signals
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are used instead of employing an EDD 2-3G Diode
(IBA) to count pulses*® The output from the analog
signal detector of the beam generation system (either
the magnetron current or the pulse forming network)
was transferred to a microcontroller (Atmel Corpora-
tion) to count pulses*> Once the desired amount was
counted (preset by a timer), the controller triggered
a relay connected to the Function Keypads interrupt
port*> The study claims improved accuracy, increased
stability, and simplification improvements compared to
Lempart et al 2545

From the same department as an included study,
Poirier et al.”' Byrne et al*’ discussed advancements
to their system. To control their LINAC, they additionally
examined the use of the monitor unit chamber. Like other
studies, they found linearity between MUs and doses*’
Using the same scintillator detector as Poirier et al. 2’
they determined that 1 MU corresponds to 3—4 pulses?’
This way, MUs could approximate the number of pulses
delivered since the chamber was saturated.*” This study
clearly illustrates why PC is insufficient for control. Since
the number of pulses varies from 3—4 to achieve the
same number of MUs, a certain number of pulses will
not correspond to a given dose. The treatment couch
was shifted to take advantage of the inverse square law
to achieve dose rate modulation*’

4 | DISCUSSION

This review clearly described how it was conducted so
that readers could repeat and update the review. We
encourage the systematic format of this review. It is
essential for readers to understand how the articles
were found. When this approach is used, it is recom-
mended to do the search in a couple of steps, with each
step enhanced by adding more keywords found relevant
in the previous step.

Three tables were created based on an analysis of the
articles found in this search. The tables illustrate specific
detectors available, the advantages and disadvantages
of each model, and how institutions control modified
LINACs. It is necessary to emphasize the importance of
FLASH studies in reporting every detail of the irradiation
conditions. Due to this new realm of dosimetry, clarity
is needed regarding the conditions in which detectors
have been validated. Parameters outside of specific
ranges could change the response of some dosimeters.
Certain parameters could broadly impact the biological
response. One parameter that may be important to the
biological response of FLASH is the instantaneous dose
rate*” This parameter was in the original design for the
dosimetry table, but not enough studies reported this
value.

It turned out many articles from the search used
separate electron FLASH devices. Two of these stud-
ies examined a potentially revolutionary detector, the
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flashDiamond (PTW). The flashDiamond is the micro-
Diamond optimized for FLASH beams.*® In the Verona
Rinati et al*® study, they irradiated the flashDiamond
detector with the ElectronFLASH system. They used the
detector to measure BCs (PDDs, Profiles) and compare
them with EBT-XD film. They observed agreement with,
“somewhat noisier curve was observed with films”*®
The flashDiamond could measure a more accurate PDD
than film. Kranzer et al*® studied many models of
the microDiamond, some of which were flashDiamond
prototypes. They saw that “fast, pulse-resolved mea-
surements with low uncertainty were possible”*° DPP
measurements were possible with the microDiamond.
It can be inferred that this measurement type is also
possible with the flashDiamond. The flashDiamond was
an overlooked detector due to the exclusion of these
FLASH-specific devices. A separate review including
these platforms could be beneficial. The review should
only include electrons, as broader reviews determined
the modality dependence on dosimetry.

In terms of the articles found, many dosimetry tools
are being tested for electron FLASH with unique mod-
ified LINACs. The main takeaway is that dosimetry
has, for the most part, regressed. Of all the detec-
tors, the most frequently utilized in electron FLASH is
Gafchromic film. Film is a valuable resource for TAD or
characteristics measurements in FLASH. The main lim-
itations of film are its passive nature and its uncertainty
from scanning and calibration. Real-time measurements
of dosimetric quantities should be a priority of more
studies in this category. Many articles provide options
for real-time detector tools, but no detector is without
disadvantages.

These systems introduced a new dosimetry category,
measuring DPP. This category needs advancement.
Many online detectors are available and compatible
with FLASH, but not all are being examined for this
measurement goal. Some online detectors are capa-
ble but need to be calibrated to dose. It is unclear
if the calibration procedures were not understood or
not being done. The readout systems limited several
detector candidates for measuring DPP in temporal res-
olution. When Rahman et al>* were measuring with the
Edge diode, they saw that DPP measurements were
possible, and the detector could do this online. How-
ever,the USB was not fast enough to transfer the data in
real-time?* Instead, they had to utilize a snapshot mode
to extract DPP information from post-processing.2* The
information could only be extracted after the entire
irradiation.2* If the readout system transfer speed were
increased, this detector system would be capable of
real-time measurement of DPP In another study by
Rahman et al.’' they showed that the HC-120 PMT
detector system could have nanosecond temporal reso-
lution. However, the readout system using a Pico scope
degraded this resolution.>" The Hyperscint RP100 sys-
tem with the integrated software and pulse counter is

intriguing. However, Poirier et al?® showed that when
measuring individual pulses, the platform sometimes
under-records. The under-response was due to the pho-
todetectors not being read out simultaneously2° The tool
would significantly improve if the system were adjusted
to fix this issue. However, the temporal resolution may
not have been fast enough regardless?’ The readout
systems of potentially revolutionary detectors are limit-
ing their temporal resolution. Future research needs to
switch gears to improving readout systems’ speed and
mechanics. If readout systems can improve, the detec-
tor tools already found can be utilized. No studies were
examining or discussing these issues.

Beam control mechanisms need to be improved the
most in this review, where most methods had the limi-
tation of being based on counting pulses. Most studies
observed a variation in the DPP, causing uncertainty in
the dose with PC techniques. The most significant rea-
son for variability was the ramp-up in the first several
pulses. Sloop et al.'” were able to tune the AFC to sta-
bilize the DPP and eliminate ramp-up. Stability in DPP
is a prerequisite if PC will be utilized for control. How-
ever, this is still limited because the total dose delivered
can only be multiples of the resulting stabilized DPP
Many studies that wish to take this route are working on
modulating the dose in the last pulse to reach prescrip-
tion goals. They can use a fixed DPP with an altered
final pulse. This will help to remove the limitation of
the prescription being a multiple of the fixed DPP. Only
two studies attempted to control based on dose. Ashraf
et al?? attempted to use the W1 scintillator detector
with an FPGA. However, their system had many limita-
tions regarding lag in gating and radiation hardness of
the detector?® They suggest examining different scin-
tillator materials or detectors to use with their system.
Luckily, Oh et al 3° characterized the newer W2 model in
FLASH, finding that the hardness has improved much for
this environment. Whether this is the solution to Ashraf
et al?® problem is uncertain. Konradsson et al2% used
an external transmission ion chamber with many correc-
tion factors to control based on dose. The corrections
caused too much uncertainty?® The main issue is the
new requirement of pulse modulation to achieve a spe-
cific prescription goal. This area of research needs to
be emphasized, as beam control is necessary if clinical
translation continues.

Connections had to be established between the exter-
nal control circuits and the LINAC. The method with the
least latency utilized an optocoupler circuit to prevent
pulses from reaching the thyratron.?>25 Other methods
using a gating switch box or respiratory management
have some latency.'®?° This latency was caused by
the control circuit and the methods by which the beam
is halted. In general, lag causes many unacceptable
accuracy issues. Some studies report accuracy within
1-2 Gy.'629 Additionally, with some pulse counters, an
additional pulse could sometimes be omitted?° In the
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Petusseau et al.38 study, not in this review, they reported
that when using three pulses, 8.4 Gy was delivered, but
when an extra pulse was let through, they measured
11.2 Gy. One pulse difference is significant due to the
abundance of dose in a single pulse in FLASH. These
inaccuracies cause dose differences near or greater
than the standard fraction size.

Due to the severe inaccuracies experienced in some
studies, clinical trials with modified LINACs are not
ready. Potential under or overdosing could occur near
the values of an entire standard treatment. For accu-
rate methods, authors admit that there is a possibility of
underdosing. There is always a chance of faults in the
beam interruption methods.2® Furthermore, if accuracy
is achieved with no error, the new issue of modulating
the last pulse to achieve a dose goal still exists. These
platforms need to improve accuracy and achieve more
flexibility in deliveries. As of now, these systems are
merely a preclinical solution. Once an optimal conver-
sion occurs, the challenge shifts to collaboration with the
LINAC vendors. Currently, conversions result in contract
violations."” There is some optimism that the vendors
will alter this. Varian already offers their own LINAC con-
version eFLEX package they approve of.'” In the future,
vendors may allow this as long as it is with their approved
method and the conversion is conducted by their service
engineers. However, vendor conversion will increase the
cost of implementing this platform. The low cost was a
significant benefit of these systems.

All authors working on conversion methods have
many suggestions for future directions. As discussed,
most articles mention the need to develop a method
to modulate the last pulse to achieve a dose goal.
Regarding the system itself, Ashraf et al.?° bring up the
importance of standardization in this field. Every con-
trol mechanism utilizes complex in-house circuitry that is
only sometimes clearly detailed. These make the recre-
ation of methods complex. Standardization of beam
control circuitry could aid in advancing beam control.
They suggest using the gun current pulse to gate the
beam, which can apply to any LINAC model 2° Testing on
similar platforms can help advance this research more
quickly. Future articles should consider the big picture of
how all institutions can utilize their methods. In CONV
radiotherapy, all platforms use the same control mech-
anism of transmission ion chambers. Prescription and
dosimetry can be easily translated throughout all clinics.

The main improvements required for these systems
involve the detectors. A method yet to be tested on con-
verted LINACs but suggested by many is using a beam
current transformer (BCT).2537 Cetnar et al3” suggest
placing them after the scattering foil, while Konradsson
et al. 2% want to examine placing them at the exit window.
In their discussion, Konradsson et al 26 explain that they
are widely available for IORT devices like Oriatron eRT6
and the Mobetron. They explain that BCTs can measure
induced current from the radiation beam and display it
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in real-time. Ashraf et al?° point out that they are lim-
ited to smaller field sizes, as the beam needs to travel
inside the BCT, which is a small volume. They mentioned
that if easy access was available to the waveguide,
they could also be placed there. Since these platforms
are mainly preclinical, the small field size requirement
should not limit any eagerness to test. Instead, Ashraf
et al 2° suggest using other scintillator materials to utilize
their existing control system, such as liquid scintillators.
Many scintillator materials are available that still need
to be characterized in FLASH. Another model, the W2,
shows improved radiation hardness effects.2? The Deut
et al*' group is taking a brand-new route and testing
sensors for real-time monitoring. These show promise,
and more research is encouraged. More focus should
be placed on the readout systems of existing detectors
instead of trying new dosimeters. The readout systems
limit detector capabilities. If faster readout is achieved,
existing detectors could possibly be utilized. No focus on
readout was placed in any observed article. The tools
may have already been found, but the accessories to
enable their use must be improved. Another area for
improvement with existing online systems is the need
for calibration to be performed. Calibration needs to be
carefully examined for existing systems and procedures
need to be developed. If this is done, researchers may
already have found FLASH-compatible online monitors.

5 | CONCLUSIONS

This review article clearly stated why it was neces-
sary. There is abundant FLASH research dealing with
modified clinical LINAC beam control systems and
dosimetry. The topic of FLASH dosimetry was scaled
down to be modality-specific with a focus on elec-
trons due to differences in dosimetry. The methods for
how the reviewed articles were found were clearly out-
lined. In total, 28 papers were found to have modified
clinical LINACs to deliver electron FLASH beams, dosi-
metrically measure quantities, and/or detail new beam
control systems within the last 10 years. The dosime-
try portion of the review was effectively organized by
matching up dosimeter models to measurement goals.
The goals consisted of TAD, BCs, dose (or reading)
per pulse, and PC. Detector calibration considerations
were outlined when available. Film was observed to
be the dominant detector for TAD and beam charac-
teristic measurements. Many exciting new options are
under development in the other categories, as they are
unique to FLASH. The pros and cons of each utilized
detector were outlined in a table to provide readers with
additional considerations. Beam control systems were
also outlined in a table. Control systems need much
improvement, as most only achieve control based on PC
mechanisms. The accuracy of these systems is not quite
ready for the next stage of clinical trials. Many exciting
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improvement suggestions were provided. Most sugges-
tions for improvement involve finding new detectors to
replace the transmission monitor unit chamber and mod-

ulating the dose in a pulse to meet prescription goals.

Detector readout systems are also to be significantly
improved.
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