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Abstract 
The Advance Rare Isotope Separator (ARIS) at FRIB 

provides in-flight purification of rare-isotope beams (RIB) 
generated by projectile fragmentation or fission on a target. 
Beams of stable ions from a driver linac impinge on a 
graphite target thin enough such that products maintain ve-
locities close to that of the incident beam. The incident pri-
mary beam impinges on-target at about 200 MeV/u (for 
uranium and higher for lighter species). The energy may be 
lower than the maximum allowed, depending on the re-
quirements of the experiment. 

Using multi-charge state acceleration, the linac has most 
recently provided up to 20 kW on-target with a long-term 
goal of reaching 400 kW. Specialized magnets, collimators 
and other components have been integrated into the sepa-
rator to withstand harsh conditions and facilitate mainte-
nance. The optics properties at the beam dump are im-
portant since the power density must be kept low enough 
to avoid failure of the material. We describe the various op-
tics modes that have been developed for safe operations 
and maximizing the beam power allowed for RIB produc-
tion. 

INTRODUCTION 
The ARIS separator uses magnetic rigidity separation 

and momentum-loss achromat methods with wedged 
shaped degraders to purify beams of isotopes according to 
mass and atomic number Z [1]. 

The conceptual design was first introduced in a 2013 
publication describing the optics and major components 
[2]. The layout addressed the major issues at the time, no-
tably connecting the high-power driver linac (30 feet below 
ground level) to the existing experimental facility layout, 
while serving as a multi-stage in-flight separator. Figure 1 
shows a schematic representation of the separator with la-
beled sections from target to diagnostic box DB5. 

The description of each separation stage has already 
been described in detail by others [2, 3]. More details re-
lated to the separator role in operations at FRIB are also 
provided in these conference proceedings [4]. 

The focus here will be on the function of Stage 1 and the 
front-end optics solutions which have been developed for 
RIB operations. Details about beam transport after DB5 to 
experiments are described elsewhere [5]. 

Stage 1 Description 
The first achromatic stage is often referred to as the ver-

tical preseparator (PS). This stage is divided at wedge de-
grader position PSw, such that the front-end provides a mo-
mentum dispersion that is ~1/3 of that provided at the back-
end, which ends at DB1. This is achieved by using 30º bend 
dipoles at the front-end and 50º at the back-end. A more 
detailed description of the magnets is provided in [6]. 

The latest optics solutions are very similar to the original 
design but have some slight differences due to slight 
changes during final construction. The first order matrix 
terms for the dispersion (x/d) and magnification (x/x) are 
listed in Table 1. The momentum compression factor can 
be determined to first order from the optics matrix terms 
using the following equation [7] :  

  𝜅𝜅 = 1
(d/d)𝑡𝑡𝑡𝑡𝑡𝑡

= − (𝑥𝑥/d)2
(x/x)2(x/d)1

 (1) 

Table 1: PS Optics Properties as Described in Text 

Optics property   

(x/d)D Target to Dump [cm/%] 0.92 
(x/d)1 Target to PSw  -2.5 
(x/d)2 PSw to DB1 7.7 
(x/x)2  1.02 
p-compression 3.0 

The front-end components are exposed to the highest 
levels of beam loss and radiation from mainly target and 
beam dump. High power components of the beam are ab-
sorbed as much as possible in collimators and thermal 
shielding on magnets. Beam power after DB1 is typically 
well below a few watts. 

Optics Modes 
Three optics modes from target to PSw have been devel-

oped to maintain levels of power density to a minimum at 
beam dump while maximizing the power on-target. They 
are given names A, B, and C-optics and their first order 
properties are described by the plots in Fig. 2 and values 
listed in Table 2.  The momentum resolving power is based 
on first order and a 1 mm beam spot at target.  
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Figure 1: Layout of ARIS separator system from target to DB5. Three achromatic stages of separation purify the desired 
secondary beams to be delivered to experimental stations. The front-end magnets reside in vacuum and consist of WIQs. 
The rest of the quadrupoles are in cold-iron triplets (CIQT). See the text for more details. 

 

 
Figure 2: First order beam envelope plots of three solutions 
for PS target-to-wedge as described in the text. 

Table 2: First Order Matrix Terms at PSw for Each Optics 

Optics (x/x) (y/y) Rp [mm] 

A 1.50 -1.20 -1660 
B 1.41 1.26 -1780 
C 2.45 1.33 -1030 

All three have the same dispersion of -2.5 cm/% and are 
used with the same back-end optics such that the compres-
sion factor remains the same to first order as evident by 
equation (1). As a result, the same wedge shape can be used 
to obtain achromatic focus at DB1. 

All three modes have an x-focus at or close to the dump 
position. A-optics is closest to the original solution and is 
characterized by a parallel-y focus at dump position. B-

optics is optimized to have y-focus at dump, while C-optics 
has polarities flipped in the first three warm-iron quadru-
poles (WIQs) to reduce the chromatic aberrations in y. 

The effects of higher order aberrations can be seen by 
the x versus y beam spot distributions at dump position as 
depicted in Fig. 3. (Red-dased lines depect the SCD1 di-
pole exit aperture boundaries.) The rays simulations were 
performed for 180 MeV/u 48Ca primary beam. Only the 
20+ charge state after an 8 mm graphite target was consid-
ered at various rigidity settings of the separator. The scale 
labeled dp/p at the top corresponds to the percentage dif-
ference from that centered on the optic axis. The simula-
tions are carried out with fifth order maps evaluated using 
COSY INFINITY then imported into a LISE++ model as 
described elsewhere [8]. 

Notice that the beam widths in both x and y vary with 
dp/p setting such that small spot sizes result close to zero. 
High intensity RIB products tend to be close to the primary 
beam. When such products are selected it is necessary to 
choose the optics mode that will have size to minimize 
power density. Otherwise, the beam intensity needs to be 
limited to keep the estimated temperature on the beam 
dump below acceptable limits.  

The expected beam widths for A-optics were confirmed 
with 1 kW operations using the so-called 20º beam dump, 
as described in [3]. This lends confidence to the simulation 
model. The larger incline of the currently used 6º beam 
dump allows for up to 20 kW operations, depending on the 
beam spot size [4]. 

The beam width behavior as a function of dp/p can be 
understood from the Taylor expansion terms of the map 
plotted in Fig. 4 as a function of the beam position up to 
PSw. Note that the A- and B-optics have a (y/bd) that 
swings wide and has a high slope for B-optics. This ex-
plains the large y-widths at the extremes. The C-optics has 
a reduced effect at the expense of a larger (x/ad) term which 
results in x-broadening of the beam at the extremes. Note 
that these simulations are for higher order correctors off. 
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Figure 3: 5th order Monte Carlo simulation of rays from 
target to beam dump position as described in text.  

 
Figure 4: Plots of most prominent 2nd order map terms from 
target to PSw. (Left) x- and (Right) y-terms are such that 
terms x≡1, a≡2, y≡3, b≡4 and d=6. 

Modes A and B have been used for routine operations 
over the past two years. The experience has been that A-
optics tends to exhibit less purity when switching from B. 
Such effects have been most pronounced for cases of large 
phase space, such as fission products from 238U. Transmis-
sion is very sensitive to quadrupole settings and reoptimiz-
ing may reduce the discrepancy. Further studies will be 
needed to confirm this. 

The C-optics is a relatively new development and has not 
been tested yet since switching polarities at the first WIQ 
is not currently possible. A power supply switch is due to 
be installed during the Summer 2025 shut down which will 
allow the operation of this mode. This mode is expected to 
be needed below dp/p≈-40% where undesired losses due to 

large y-width occur. The trade-off is that the resolving 
power Rp can be ~70% less than that of the A and B modes. 
However, often such cases are for lower Z products for 
which high Rp is not required to obtain good purity any-
way. 

SUMMARY 
Various optics modes for the ARIS separator front-end 

have been developed to support operational flexibility. All 
three optics modes developed have the same first order dis-
persion up to the preseparator wedge position, allowing the 
use of a common back-end optics that results in momentum 
compression factor of 3. 

We have demonstrated that the higher order properties of 
each optics affects the primary beam spot size differently 
at the beam dump. The size varies depending on the beam 
deflection away from the optic axis and must be evaluated 
for each high-power beam setting before use. Temperature 
rise estimates are carried out to determine the maximum 
allowed power. 
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