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Abstract 
      Beam halo is a serious issue in many machines, such 
as high intensity linacs and synchrotrons. This presenta-
tion reviews recent advances in halo characterization 
techniques, as well as methods to mitigate beam halo, 
such as collimation with associated handling of created 
secondary particles. 

INTRODUCTION 
Beam halo is a loosely defined low-density distribution 

of particles with large oscillation amplitudes, which can 
reach the aperture of the beam line enclosure thus creating 
uncontrolled beam loss. Because of this association with 
uncontrolled beam loss, halo, typically, is viewed as an 
unwanted phenomenon requiring mitigation. All aspects 
of halo beam dynamics, measurement and mitigation 
techniques have been receiving an increased attention 
since the emergence of new high beam intensity projects, 
e.g. APT, ESNS, SNS in the late 90s, early 2000s. Over 
the last 10-15 year many different methods of halo meas-
urement have been successfully demonstrated and several 
halo characterization methods proposed; megawatt class 
accelerating facilities commissioned and reached the de-
sign parameters.  However, beam halo and the associated 
beam loss mitigation still largely rely on an empirical ma-
chine tuning without use of halo measurements. 

In this presentation we will consider a practical aspect 
of high intensity accelerators operation: how halo meas-
urements can be used to facilitate halo mitigation. First, 
we will discuss what we call “halo” in the context of this 
paper. In the second section we will present several ex-
amples of large dynamic range transverse profile meas-
urement techniques. That section is not intended to give a 
comprehensive review of all available methods and 
achievements; good reviews are available elsewhere [1]. 
Our purpose there is to demonstrate that halo measure-
ments have been available for quite long time.  In the 
third Section we will explore why ordinary low dynamic 
range beam profile measurements are so useful for accel-
erator tuning and operation and why halo measurements 
have not achieved the same level of usefulness. Our prop-
osition is that RMS envelope formalism provides practical 
algorithm for beam core characterization, which can use 
profile measurement. We show that the same approach 
cannot be used to characterize the beam halo. Next we 
argue that using PIC beam simulation codes instead of 
RMS envelope codes allows including the halo in simula-
tions. This requires new approaches to halo characteriza-
tion and measurement beyond the RMS Twiss parameters. 
The most straightforward approach is to generate a parti-
cle distribution as input to a PIC code using a measured 

phase space distribution. This will require large dynamic 
range measurement of beam phase space distribution. We 
will review the existing and emerging measurement tech-
niques in the fourth section. In the last section we will 
explore how this new approach can be used in practice for 
halo mitigation. 

HALO DEFINITION 
There have been many attempts to formulate a universal 

definition of beam ‘halo’, usable for experts in different 
fields of accelerator science:  beam dynamics, beam in-
strumentation, beam simulations and accelerator opera-
tions. So far even a dedicated joint meeting of all interest-
ed parties over several days failed to produce one [2]. 
Recently, a narrower group of Beam Instrumentation ex-
perts was able to come to an agreement on what to call 
“halo” in beam measurements [3]. In short, the beam 
charge distribution inside the vacuum chamber can be 
separated to three parts: the beam core, the beam halo and 
the transition (the transition is often called “shoulders”, 
“tails” etc.).  The parts are characterized by the charge 
density relative to the peak density. The boundaries are 
not defined exactly but for the majority of the cases the 
beam core boundary is at about 10-2 level, the beam halo 
is at 10-4 -10-6 level and below. The low boundary of the 
halo region is decreasing with higher intensity beams, 
obviously, but the 10-4 -10-6 range represents a good ref-
erence number for a large range of today’s accelerators 
and is the current state-of-the art in beam measurements. 
In the context of this paper we add to the halo definition a 
notion that the halo extends far from the beam core, it has 
a negative effect on an accelerator operation, and its ef-
fects has to be mitigated. Despite being seemingly vague 
this definition helps to clarify many practical issues in 
measuring and characterizing the halo. We will provide a 
more convincing argument for selection of the particular 
charge density ranges defining the halo vs. the core and 
the transition below in the section on the RMS beam size 
formalism. 

From machine operation point of view the beam core 
density is important because it usually represents the fig-
ure of merit for performance e.g. luminosity; the halo 
density is important because it is directly related to beam 
loss; the particles in the transition zone have interesting 
dynamics but typically do not directly affect operations. 

We should note that all practical examples below are 
given for the case of transverse beam motion. The same 
arguments are valid for the longitudinal degree of free-
dom but are not included because of the limited presenta-
tion time and space. 
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LARGE DYNACMIC RANGE BEAM 
PROFILE MEASUREMENTS 

   The halo, as defined above, has a relatively low charge 
density. However, the actual number of particles in the 
halo is typically quite large for high intensity beams. The 
halo would not present a problem otherwise. Therefore, in 
many situations it is not difficult to detect the halo or 
quantify its density in “more” or “less” terms. The loss 
monitors of various kind do this quite reliably in all high 
intensity accelerators. What is difficult is measuring quan-
titatively the distribution of a small charge density in the 
halo simultaneously with a large charge density in the 
core, present at the same time almost at the same location. 
Such a measurement requires large dynamic range or, in 
other words, ability to resolve small details on top of a 
large signal. Typically, the dynamic range is expressed as 
a ratio of the highest signal to the lowest measurable one 
in linear or logarithmic scale. To measure the halo, as we 
defined it above, a system with a dynamic range of 104–
106 (or 80–120 dB in logarithmic scale; or 20 bits in bina-
ry representation) is required. Below we will review sev-
eral examples of diagnostics that have demonstrated the 
required dynamic range. 

Imaging Beam Synchrotron Radiation 
The most straightforward way of measuring a 1D or 2D 

profile of a beam is to image the synchrotron light in cas-
es when there is emitted light, e.g. in an electron storage 
ring. The dynamic range of a typical digital camera (of the 
order of 104 for a good quality consumer grade sensors) is 
the main limiting factor of the overall dynamic range of 
such systems. A concept of chronograph, developed for 
solar corona observation in astronomy, has been success-
fully used to extend the dynamic range of the camera [4]. 
The general idea is to block the bright beam core image 
with a mask when imaging the dim halo. The core image 
is obtained separately using a light attenuator and then 
combined with the halo image. Lately, digital light pro-
cessor micro-mirror array chips were used in place of the 
solid mask in the coronagraph to better conform the mask 
to the shape of the core image [5]. A dynamic range of 
105 - 106 was successfully demonstrated in both cases. 
There have been new types of imaging sensors developed 
(so-called HDR sensors) [6], which should allow direct 
beam profile imaging with a dynamic range of 106 or 
more. A great care has to be taken to avoid spurious light 
reflections and scattering in the optical system, which 
ultimately limit the maximum achievable dynamic range. 
An example of beam profile measurement using direct 
imaging with a high dynamic range camera is shown 
in [7]. 

Using View Screens 
In the cases when beam does not emit sufficient amount 

of light, e.g. in linacs and hadron rings, light-emitting 
screens can be used. Luminescent screens typically have a 
dynamic range of about 103, limited by the allowed beam 
power density at the brightest spot. A combined system of 
two screens with different light emitting efficiency (high 
efficiency luminescent screen for the halo and low effi-
ciency optical transition radiation screen for the core) was 
proposed and successfully realized in [8]. 

By introducing the screen we break away from the im-
portant non-interceptive nature of synchrotron light imag-
ing diagnostics. This puts significant limitations for the 
power density on the beam probe but, on other hand, al-
lows using non-optical signal read out methods. 

Wire Scanners 
Wire scanners are the most common devices for meas-

uring beam profile in the situations when solid wire can 
be inserted in the beam without destroying the beam or 
the wire. The most common methods to obtain signal pro-
portional to the beam density are to measure secondary 
particles scattered by the wire or to measure charge in-
duced by the beam. Both methods have demonstrated 
large dynamic range of 106 or larger [9, 10]. The main 
factors limiting the maximum achievable dynamic range 
of a wire scanner are poor vacuum and significant beam 
losses in the vicinity of the wire. In case of charge collec-
tion mode of operation the AC coupling of the wire to the 
beam core has to be suppressed, which typically limits the 
measuring bandwidth to few kilohertz or lower. 

HALO CHARACTERIZATION 
As the examples above show, large dynamic range pro-

file measurements are possible and have been achieved by 
different methods. However, not many practical uses of 
this kind of measurements for halo mitigation have been 
reported. In order to understand why, it is instructive to 
review how the beam core profile measurements are typi-
cally used for accelerator set up and operation. A typical 
result of beam size measurement is shown in Fig.1. In this 
example from SNS linac the beam size is measured at five 
points only but the beam envelope is extrapolated to a 
much large portion of the beam line spanning tens of me-
ters with tens of focusing elements. Obtaining such a con-
tinuous beam envelope plot using beam profile measure-
ments alone would require a very large number of meas-
uring devices – one device per each focusing element, 
which is obviously impractical. Alternatively, one can use 
an algorithm to reliably extrapolate the beam size beyond 
few measured points. The existence of such mathematical 
formalism described below is what makes the beam core 
profile measurements useful. We need something similar 
for the halo measurements to make them useful for accel-
erator tuning and operations. 
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Figure 1: An example of beam size vs. distance along the 
SNS linac. Measured data are shown by dots. 

RMS Beam Size and Twiss Parameters 
The RMS envelope equation is the main tool for de-

scribing the beam size evolution along an accelerator [11]. 
Only the three parameters that describe the beam distribu-
tion, the so called RMS Twiss parameters, are required to 
find the RMS beam size anywhere in a beam line with 
known focusing properties. These parameters can be cal-
culated using a set of three or more beam profile meas-
urements in one or several locations by various tech-
niques, e.g. the so-called quad scan technique [12]. There-
fore the beam core profile measurements are an integral 
part of practical use of the RMS envelope formalism in 
accelerator set up and operation. 

It is natural to try expanding the same approach to the 
beam halo characterization. Unfortunately, the RMS beam 
size is not sensitive enough to the halo density. This can 
be illustrated using a simple 1D distribution, shown in 
Fig. 2, consisting of a Gaussian core and a uniform halo 
inside a reasonably sized aperture. 

 
Figure 2: A test beam profile consisting of a Gaussian 
core and a uniform halo. 

 This distribution makes a very good example because 
it does not contain any particles in the transition zone, 
which can mask the effect of the halo proper. The de-
pendence of the RMS size on the halo amplitude for this 
distribution is shown in Fig. 3 by blue line plot. 

As one can see, the RMS size is almost insensitive to 
the halo amplitude until the amplitude is significantly 
above approximately 10-4 level, where it is not a halo an-
ymore according to our definition. 

Other statistical quantities based on higher order mo-
ments of the distribution were proposed to use in order to 
increase the sensitivity to the outlying particles. A well-
known example is the kurtosis [13]. The dependence of 
the kurtosis on the halo amplitude is shown in Fig. 3 by 

the green line plot. Indeed, the kurtosis is more sensitive 
to the halo amplitude. Unfortunately, statistical quantities 
using high order moments, including kurtosis, are very 
sensitive to small variations of the beam density in the 
transition zone, which makes them impractical to use for 
real life measurements. And, more important, there is not 
an equation, similar to the RMS envelope equation, to 
calculate the kurtosis everywhere in the beam line using a 
limited number of profile measurements. 

 
Figure 3: Dependence of the RMS size (blue line) and of 
the kurtosis (red line) on the halo amplitude for the profile 
of Fig. 2. 

Particles distribution in phase space 
Particle-In-Cell (PIC) simulation codes can provide an 

alternative to the RMS envelope equation. However, the 
RMS Twiss parameters are not sufficient to initialize PIC 
simulation. The detailed particle distribution in 6D phase 
space is required. We can assume no coupling between 
the horizontal, vertical and longitudinal planes as a first 
step. Then 2D phase space measurements in combination 
with a PIC code can provide a replacement for profile 
measurements and RMS envelope equations. 

A convenient way of visualizing general properties of 
the 2D phase space distribution is plotting the phase space 
density vs. the normalized radius according to the follow-
ing procedure: 

• generate ܰ particles using measured 2D phase space 
distribution as a probability function 

• transform the particles coordinates ݔ, -ᇱ  to new coݔ
ordinates: ݔ = ݔ ඥߚோெௌൗ ;    

ᇱݔ • = ோெௌߙ ∙ ݔ ඥߚோெௌ൘ + ,ோெௌߙ ோெௌ  , whereߚඥߛߚᇱݔ ߚ ,ோெௌ are the RMS Twiss parametersߚ ݒ= ܿ ,ൗ  and ߛ is the relativistic factor 
ݎ • = ඥݔଶ +  ᇱଶݔ
• count number of particles ܰ within ݎ ∙   intervals ݎ݀
• plot ݊ሺݎሻ = ܰ ൗݎ݀ݎߨ2  vs. ݎ using in semi log scale 

 
The plot of ݊ vs. ݎ is independent of the beam energy or 

location along the beam line. It can be used for comparing 
general distribution properties for different accelerators or 
even different particles species. An example of phase 
space density plots measured at SNS linac at 2.5 MeV and 
1 GeV is shown in Fig. 4. The beam core dilution and 
tails growth are clearly seen on the plots. 
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Figure 4: A phase space density plot for beam distribu-
tions measured in SNS 2.5MeV MEBT (red line) and 
1GeV HEBT (red line). 

LARGE DYNAMIC RANGE 2D PHASE 
SPACE MEASUREMENTS 

There are a number of techniques for measuring the 2D 
phase space distribution (often called simply ‘emittance’) 
in transverse and longitudinal planes. They have to pro-
vide a large dynamic range of the order of 104 -106 to be 
useful for the halo characterization.   

Direct Phase Space Measurement at Low Energy 
The 2D phase space can be measured relatively easily 

at low energy (particles have to have sub-millimeter range 
in a solid material) using the slit-slit scan technique. A 
general measurement set up is shown in Fig. 5.  A similar 
slit-grid arrangement is often used but the slit-slit ar-
rangement allows achieving the required dynamic range 
much easier [14] because of the possibility of using a sin-
gle high quality detector.    

 

 
Figure 5: A schematic view of a slit-slit emittance scan-
ner. 

Direct Phase Space Measurement at High Energy 
The only method for direct emittance measurement at 

high energy successfully demonstrated to date is the laser 
wire emittance scanner [15]. This method is suitable for 
H- beams only. The currently achieved dynamic range of 
103 can be possibly improved by an order of magnitude 
but further extension to the halo region is limited by the 
laser beam quality. 

Reconstruction of 2D Phase Space Distribution 
from a Set of 1D Projections 

The so-called phase space tomography allows finding 
the 2D emittance using several 1D projections (profiles) 
measured at different angles in phase space. The method 
has been demonstrated for transverse and longitudinal 
phase space. The dynamic range of the reconstructed 2D 
emittance depends on the dynamic range of the profiles 
and the method of reconstruction. An example of a recon-
struction with ~103 dynamic range using four wire scan-
ner profiles with 104 dynamic range and several iterations 
of the MENT algorithm is shown in Fig. 6. The measured 
profiles are plotted in red color; the profiles obtained by 
integrating the reconstructed 2D emittance are plotted in 
blue color. A reasonably good agreement is observed 
down to the 10-4 level. Further development of the method 
is required to extend the dynamic range to the halo region. 
The SNS HEBT beam line having a straight section con-
taining several individually settable quadrupole magnets, 
five large dynamic range wire scanners and a laser wire 
emittance scanner is an ideal test bench for large dynamic 
range tomographic reconstruction methods development. 
Even if the laser emittance scanner dynamic range is lim-
ited to 104, the possibility of a direct verification of the 
reconstruction quality to this level is indispensible.   

 
Figure 6: Comparison of measured (red) and obtained 
from results of 2D emittance reconstruction with large 
dynamic range (blue). 

HALO MITIGATION 
Operation of high intensity accelerators with low beam 

loss provides existence proof of successful practical halo 
mitigation methods. However, typically these methods do 
not involve the halo measurements and characterization 
but rely on empirical loss reduction using beam loss de-
tectors and/or on the use of collimation systems to local-
ize the beam losses at radiation shielded areas thus reduc-
ing beam spill elsewhere. Availability of the halo meas-
urement and characterization in 2D phase space should 
facilitate the knowledge based halo mitigation techniques. 
Understanding Halo Formation 

Understanding the mechanisms of the halo formation 
could help in developing methods of its prevention. The 
first dedicated halo formation study experiment was con-
ducted at the LEDA facility in Los Alamos [16]. The ex-
perimental beam line consisting of 52 quadrupole magnets 
in FODO arrangement, as shown in Fig 7, was equipped 
with seven wire scanners capable of measuring the beam 
profiles with dynamic range of about 105. The two main 
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goals of the experiment were: 1) to confirm the halo for-
mation in mismatched beam transported through a period-
ic focusing system with significant space charge; 2) to 
validate the beam dynamics simulation codes. The exper-
iment demonstrated formation of strong shoulders in the 
transition zone, which were not predicted by the state-of-
the-art simulation codes of that time. The halo formation 
was neither confirmed nor disproved.  

Recently, a similar experiment but with a shorter FO-
DO beam line of 28 quadrupole magnets was conducted 
with similar results [17].  

 
Figure 7: A schematic view of the LEDA halo formation 
experiment. From Ref. 16. 

A similar experiment but with significantly improved 
diagnostics capability is being built at SNS [18]. The ex-
perimental set up will have equipment for measuring the 
beam distribution in 6D phase space at the entrance to the 
FODO line and 4D distribution with large dynamic range 
at the exit. 
Beam Core and Halo matching 

Matching the RMS Twiss parameters at transitions be-
tween sections of an accelerator minimizes the maximum 
size of the beam RMS envelope. It is also believed 
(though there has been no experimental prof) that the 
matching prevents the halo from growing in the case of 
strong space charge. It is possible though that the Twiss 
parameters for the halo (e.g. the parameters of an ellipse 
enclosing the halo) are different from the RMS Twiss 
parameters. In this case matching the RMS Twiss parame-
ters leaves the halo unmatched. The net effect on the max-
imum beam extension and loss will depend on the inter-
play of two factors: the halo growth due to unmatched 
RMS Twiss parameters and maximum beam size increase 
due to unmatched halo Twiss parameters. Often, like in 
the case of the SNS linac, measurement based matching 
of the RMS Twiss parameters does not ensure the mini-
mum beam loss, which probably is an indicator that 
matching the halo would give an advantage. Availability 
of 2D emittance measurements for the halo would allow 
efficient model based loss reduction in this case. 
Collimation at Low Energy 

The most efficient way to clean a beam from the halo 
formed in the injector is to collimate it at low energy 
where particles can be stopped by a relatively thin block 
of a material. The problem is typically to find free space 
available in the beam line because the strong space charge 
at low energy requires large density of focusing elements. 
Therefore the collimators are often placed where space is 
available and the beam line optics needs to be adjusted for 
effective collimation, i.e. the halo needs to have the cor-

rect orientation in phase space. This is much easier to 
achieve if 2D emittance measurements of the halo are 
available. 
Collimation at High Energy 

At high energy the collimator design is much more 
complicated because particles cannot be stopped within a 
reasonable thickness of a material. Two or more staged 
collimation systems are used in this case. Optimal design 
process of multistage collimation is well developed and 
described in literature [19]. In a single pass beam line e.g. 
linac or transfer line the beam only passes the collimator 
once therefore the halo orientation in phase space has to 
be just right for efficient collimation. Similar to the case 
of low energy collimation, availability of 2D halo emit-
tance measurements allows model based tuning of the 
halo orientation.  
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