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Proton Microscopy at GSI and FAIR 
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: Gesellschaft fur Schwerionenforschung,(GSl), D -64220 Darmsrudt, Germw/\ 
3lnstitute for Tll eoretiwl and Experimental Physics, 117269 Moscow. Russia 

Abstract. Proton radiography "vas invented in [he 1990's at Los Alamos ational Laboratory (LA, L) as a 
diagnostic to study dynamic maLe ri al properties under extreme pressures , strai n and strain raLe. Since this time 
hundreds of dynamic proton radiography experiments have been performed at LANL and fa 'iltties have been 
commissioned at the Institute for Theoretical and Experimental Physics (IT P) in Russia for similar 
applications in dynamic material studies. Recently an international collaboration was formed to d velop a new 
proton rad iography capability for the study of dynamic material properties at the Facility for . llti-pro ton and 
Ton Research (FA IR) located at Gesellschaft fUr Schwerionenforschung (GS!) in Darmstadt , (;e rman y. This 
new Prawn miCfoscQpe for FAIR (PRIOR) will provide radiographic imaging of dynamic systems with 
unprecedented spatial, temporal and density resolution, resulting in a window for understilnJing dynamic 
materi al properties at new length scales. These dynamic experiments will be driven with man) ene rgy sources 
inc luding heavy ions, high explosives and IZlsers. The design of the proton microscope ;)nd expecred 
radiographic perfom1ance is presented. 

Keywords: proton radiography, flash radiography, dynamic imaging. 
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INTRODucnON 

sing high enegy protons for radiography was 
fir t considered in 1946 [1] with [he advent of high 
ene rgy proton accelerators. The first proton 
rad iograph was not published until 1968 [2], 
concluding th;1t protons were a nice radiographic 
probe for relatively thick objects, but that multiple 
Coulomb scattering within the object limited the 
spatial resolution of the radiographs. Studies of 
proton rad iognphy continued at high energy 
pro ton accelerators around the world in the 1970's 
[3 ]. However, because of the electric charge of the 
protons multiple Coulomb scattering (MCS) within 
the object continued to resu lt in substantial 
resolution degradation and the technique was 
slowly dropped by the community. 

I n the I990s LA IL initialed an 110rt to u!>e 800 
Me V protons as probes for flash r;1d iography to 
study fast dynamically evol ving obj ects fu r 
materia I science research [41- The breakthrough 
which overcame the previous resolution limitations 
of proton radiography was the inr roduction of a 
magnetic focusing lens downst re:1 I1l of the object. 
This magnetic focusing lens collecb the protons at 
the exit of the object and tran po s them to an 
image location located many md( (S downstream. 
This lens system was designed to rO m l the pruton 
image independent of the scaltenng of the protons 
within the object being radiographed, overcoming 
the MCS blur Iimmitation. 

Since 1990 LANL has develo pcJ the technique 
of proton radiography, using ROO MeV protons at 
LANSCE to study the evolution nt hu ndreds or 
dynamic systems. [n the co urse of this 



developm nt multiple magnetic imaging lens 
systems ha e been studied to improve radiographic 
resolution. More recently the ITEP has 
commiss ioned an 800 MeV proton radiography 
capability in Moscow, using a proton beam from 
the ler3watt accumulator synchrotron, also for 
applications in dynamic materials science. 

In collaboration with OSI scientists, teams from 
LA Land ITEP have designed a proton 
mi ro. cope to use 4500 MeV protons from the 
SIS-18 sy nchrotron at GSI. The goal for this new 
system is to provide a high resolution flash 
radiography capability for the study of dynamic 
materi als science. 

L\1AGING LENS DESIGN 

Proton radiography lI ses a magnetic lens 
system to form an image where a scintillator 
converts the proton di stribution to a light 
dis tribution. This light is then collected with fast 
gated cameras. The performance of the magnetic 
lens system plays a significmt role in the 
fundamental performance of the radiography 
system. 

T R. NSPORT notation [5) can be used to 
describe the propagation of protons through the 
magnetic lens system. In this mat.rix formalism the 
first order beam optics for motion in the horizontal 
plane can be written as shown ill Eq. 1, where the 
index i denotes proton POSilioll and anf'k x alld x', 
at tile imaoe locatioll alld the index 0 denotes the 
position and angle at the object location. A similar 
equation can be written for the vertical plane 

(I) 

The requirement for this lens to form a point-to
point image, independent of the scattering angle 
within the obj ect, the RJ2 matrix element must be 
ze ro. Si nce all transport matrices must have a 
determina nt of I, the R manix for a proton 
radiography imaging lens must be in the form 
shown in equation 2, where M is the magnification 
facto r of the imaging lens system. Again, a similar 
relation exists in the venical plane. 

(2) 

Because the proton trajectory thro ugh the 
magnetic field of the imaging lens is de pendent on 
me proton momentum, the Rl2 matri x eleme nt can 
only be zero for one proton momentu m. 

Deviations from this "1"l ,(u;,c:d" proto! 
momentum result in chromat ic ffeels. which 
require second order b am optics to yuantify. The 
second order corrections due to chromatic beam 
optics is shown in eq. 3, where T i" the tensor 
description in TRA 'SPORT notali ull and ;; is the 
fractional deviation of the proton lilomentum from 
the focused momentum. 

Chromatic Matching 

Chromatic aberrations typic;.l lly limit the 
resolution of proton radiogra phy syste ms. 
Therefore, the beam is prepared In cancel as much 
of the second order chromatic aberrations os 
possible [6). To this end the beall l is "matched" 
into the radiography. For proper nlatching the 
protons are prepared with a pos ition-angle 
correlation designed to maxi m;.!lly cancel the 
chromatic aberrations. The posi tion angle 
correlation at me object locatio!l C;1Il be written as 
shown in eq. 4. 

(4 ) 

Suhstituting this into the equatioll (or the proton 
position at die image location. we L'an determine 
the correlation parameter, or matchi ng condition. 
which results in maximal canceli.lt ion. This is 
shown in eq . 5, where r/J is the procon scattering 
angle away from the initial trajectory fro m 
interactions of the proton within the object. 



By choosing the matching correlation to be n1,=
TII(/I126, the fi rs t second-order cOITection in eq. 5 
can be cancelled leaving only the T12r,¢6 t rm. 
This re mai ning seco nd order coo'ection to the beam 
optjcs results in synunetric image blur. 

Eg . 7 shows the second order chromatic blur to a 
purely magni fied image for properly matched 
beam. This equation can be used to estimate the 
resol ut ion of a radiography system with angular 
acceptance eA' 

(7) 

The proton beam must also be matched in the 
vert ical plane resulting in a nearly identical sel of 
equations. With a matchi ng correlation in the 
vertical plane of m,=-TI3rfJ·i.<6 the vertical 
resolution can then be estimated using eq. 8. 

v _~ = T,468,1 5 
.-, M M (8) 

Parameters of the Proton Microscope 

A 4.5 GeV proton microscope designed for 
applications at GSI and FAIR must meet some 
physical requi rements: the objects to be 
radiographed wil l require a 15 mm x 15 mm field 
of view, the total length of the system must lI t 
wi th in the 10 m length of an existing experimental 
hall and the fi rst magnet must be more than one 
meter downstream of the object location to 
accommodate a confinement vesse l. 

Previous lens design has demonstrated that 
resolut ion Improves with increasing magnification 
17]. With the 10 m length limitation the 
magnit'i cat Ion is then limited by the field strengt h 
of the quadrupole magnets. Higher quadnrpole 
gradients provide larger magnification, resulting in 
a hi ghe r resolution imaging lens system. Halbach 
style permanelll magnet quadrupoles (PMQs) were 
chosen to provide the highest quadrupole gradient, 
g, achievable with non-superconducting magnets. 

With these constraints the pruton microscope 
lens system was designed to mi nilli il.e T I2J M and 
T3 4f!N1 , the values which determine the resolution 
degradation from second order chromat ic effects . 

Table I shows the resulting parameters of the 
proton microscope which has been designed to 
meet the <;e criteria. Fig. I shows the proton 
trajectories in the horizontal pbne through the 
proton microscope design. 

TABLE 1. Parameters of [he proton mi cr()scope design. 

Parameler Value Parameler Value 
LJ 1.300 m M 4 . 1 

L2 0.307 m T lo(/ M 4.68 111 

L3 0.515 m TJ.I(/M 4.00 m 

L4 7.576 m mx -0.4) rad/m 
Aperture 3.00 cm my -0.55 rad/m 
g (gradient) 115 Tim 6,\ 0.005 rad 

- ----

Figure 1. Proton trajectories tltt uugh the proton 
microscope desi gned for applicatio ns at OS I and F·AIR. 
Protons trajectories are started at tht: object location, 
with the ideal matching correlation, pa,:' through the four 
PMQs to fom) an image at the image !o..:ation, where the 
proto!' trajectories end. The no menclature for the 
distances described in table I are shov:n 

Spatial Resolution Performance 

From Eq. 7 and 8, the values ,hown in table 
and the fractional energy spread of the S IS-18 
proton beam, 8=0.05%, the resulution can be 
estimated for this microscope ThIS e-.timate resulb 
in 12 f-lm In the horizontal plane and 10 f-lm in {he 
veI1ical plane. 



Temporal Resolution Performance 

T he te mporal resolution of the radiography 
sys te 1 is domi nated by the time structure of the 
SIS-1 8 beam as well as [he camcra systems that 
wIll be used to co llect the radiographic images. 
The SIS-18 synchrotron has a -1 /15 transit time 
around the ring for 4.5 GeV beam_ Four evenly 
'paced bunches, each containing -2.5x 1 00 protons 
are stored ill the ring. Each bunch has a -100 ns 
RMS width and these bunches are sequentially 
extracted to provide four rad iographs per dynamic 
event, each separated by 250 ns . 

To study vcry fast processes exposure times may 
be reduced. This will be accomp lished with fast 
gated cameras capable of -LOns exposures, at the 
expense of proton statistics. 

Transmission Estimates 

The proton transmission through the object and 
imaging lell s is also an important characteristic. 
From estimates of transmission as a function of 
obj ect thickne~s one can estimate image contrast 
for fe tures of interest within the object. This 
relationship is easily estimated through Eq. 9, 
where T is the fractional transmission of l h~ 

protons, x IS the thicknes, of the object, AI' is the 
nuclear collisio n length [8] and Bc, is the MCS 
wit hi n the object. 

x 

T = e A, (9) 

The MCS within the object CJn be esrjmate by 
eq uation 10 l8l. where Xv is the rad iation length [81 
ur lht ubject materials. 

~, = O.025 8~ ;JI +0038In ( ;J] (10) 

T he be~( density resolution is achieved when the 
prolO n transmission is at -30o/c, (e.g. 4.8 cm of 
iron). Ohjects with transmission less that 10% or 
grc ater than 90% will result in radiographs more 

di:ficult to extract densities. The angular 
acceptance of the lens system C l 11 I e adju sted to 
increase contrast for thinner objec ts. 

CONCLUSIONS 

A pro ton microscope has been designed to uSe 
4.5 GeV pro lons Cur dynamic rIl <1 t n cll s science at 
GSI and FAIR This proton n licro<;cope shou lei 
provide -10 flm resolution over a 15 nlln field of 
view through objects <50 glcme. r.ach dyna mic 
event wil I be viewed at four tilllcs wi th 250 ns 
between frames. 

This new window iruo dynamic maten als sCie nce 
will be used to investigate the d ynanuc pro pert i e ~ 

of materials driven by hi gh explusives , lase rs, 
pulsed power as well as heavy iutl': del ivered by 
the new heavy ion synChrotron thaI is be ing built a, 
part ofthc FAIR project. 

The high resolution radiogl'aphy combmed with 
the multiple drivers will provide ~ l unique t'acility 
for the study of dynamic mareri .d 'icience in the 

areas of material strength, cquati(l ll of state, ph;}\(:" 
transitiuns and warm dense matttT 
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