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ABsTrACT: The first proof of principle experiment with a prototype of a Time-of-Flight (TOF) -
Cherenkov detector of relativistic heavy ions (RHI) exploiting a liquid Iodine Naphthalene radiator
has been performed at Cave C at GSI (Darmstadt, Germany). A conceptual design for a liquid
Cherenkov detector was proposed as a prototype for the future TOF measurements at the Super-
FRS by detection of total number of Cherenkov photons. The ionization energy loss of RHI in a
liquid radiator decreases only slightly this number, while in a solid radiator changes sufficiently
not the total number of ChR photons, but ChR angular and spectral distributions. By means of
computer simulations, we showed that these distributions are very sensitive to the isotope mass,
due to different stopping powers of isotopes with initial equal relativistic factors. The results of
simulations for light (Li, Be) and heavy (Xe) isotopes at 500—-1000 MeV/u are presented indicating
the possibility to use the isotopic effect in ChR of RHI as the mass selector.
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1 Introduction

The new Super-Fragment Separator [1, 2] (Super-FRS) at the FAIR GSI (Darmstadt, Germany) in
a wide range of ions with energies up to 1.5 AGeV will be used for the production of isotopes by
projectile fragmentation and fission. In order to separate and identify fragmentation products a high
resolving power detector system is required for position and Time-Of-Flight (TOF) measurements.
A high performance TOF detector is one of the key detectors to measure the velocity and mass of the
particles. The first proof of principle experiment with Cherenkov TOF detector of relativistic heavy
ions (RHI) exploiting a liquid Iodine Naphthalene radiator has been performed at Cave C at GSI [3].
The new Cherenkov TOF detector is based on registration of light (Cherenkov photons) emitted
in liquid. Along with a total number of ChR (Cherenkov radiation) photons, in case of optically
transparent solid radiators additional applications of ChR arise for instrumentation for heavy-ion
accelerators, connected with the measurements of ChR spectral and angular distributions.

The spectral-angular distributions of Cherenkov radiation (ChR) from relativistic heavy ions
(RHI) with account of energy loss in solid radiators show complicated diffraction-like structures,
see [4, 5] and references therein, which differ from Tamm-Frank [6] distributions. The width and
shape of these structures depend on the mean ionization energy loss, which depends on the RHI
mass through the maximum energy transfer in a single collision [7]. Thus, in case of isotopes
entering the solid radiator with equal relativistic factor, the positions of ChR maximums depend on
their masses (called the isotopic effect in ChR from RHI [8]). Besides the pure physical interest, the
predicted isotopic effect can be considered as the new tool for isotopes mass determination (mass
selector), similar to Cherenkov light detection as a velocity selector for uranium fission products at
intermediate energies, presented in [9].

2 ChR from RHI in liquid radiator

In many RHI experiments gaseous or solid materials are commonly used as Cherenkov radiators
for particle identification and energy measurements [10, 11]. The circulation of gaseous or liquid



active materials allows regular refreshing and can greatly reduce the performance degradation due
to ageing after exposure to high ion rates. Other advantages of fluid over TOF systems based on
solid-state materials, including small area diamond or silicon are the virtually unlimited radiation
hardness of the fluid (through recirculation or replacement), and the relative simplicity of the readout
electronics based on photomultiplier tubes [3].

Typical refractive indices of a gaseous Cherenkov radiators are around n = 1.0003 (correspond-
ing Cherenkov thresholds around 8 = 0.99). This is inapplicable for the future measurements at
SuperFRS, where one will need to cope also with lowest primary particle energies of ~ 200 MeV/u,
with a corresponding Cherenkov threshold of 8 = 0.59, requiring a radiator refractive index of
around n = 1.7. For a future TOF detector based on liquid radiator, e.g. an Iodine Naphthalene
liquid (C1oH71) is proposed [3]. The high refractive index if this liquid of » = 1.70003 at 589 nm
and its nevertheless relatively low density of p = 1.738 g/cm? makes it suitable for a continuous
flow of the material [3].

The number of Cherenkov photons emitted during the penetration of an ion with a charge Z
in an optical spectral range 4; + A, is estimated according to the standard formulae based on the
Tamm-Frank theory [6]:
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where dx is the radiator thickness and [y the initial ion velocity. This theory ignores decreasing of
RHI velocity due to ionization energy loss. Authors [5] established a more refined approach, which
includes the calculation of the energy loss and decrease of RHI velocity depending on penetration
depth in the solid radiator. In the calculations the thickness of the radiator L is divided into N
number of segments and the energy loss at each segment length Ax = L/N may be calculated using
the modern packages SRIM 2013 [12] or ATIMA [13]. The number of Cherenkov photons is then
equal to

N
dN, i
NCh—Stopping = ﬁ(fl)Ax (2.2)

i=
where ; is calculated for each segment of length Ax.

To illustrate the role of RHI energy loss in a liquid radiator, the Cherenkov photon density
dNcn/dA as a function of wavelength is plotted in figure 1 according to the Tamm-Frank theory and
including the RHI energy loss. The calculations are shown for nickel and xenon ions with energies
of 234 MeV/u, 323 MeV/u and 600 MeV/u, respectively as it was during the online measurements
at CaveC at GSI in April 2014 [3].

As one can see, the RHI energy loss in a liquid radiator only slightly decreases the total number
of Cherenkov photon density. In the section 3 and 4 we will show the essential sensitivity of the
differential characteristics of ChR to the energy loss of RHI in solid radiators.

3 ChR from RHI in solid radiator — qualitative consideration

The first measurements of the Cherenkov radiation (ChR) angular distributions from RHI with the
present FRS have revealed that the well known Tamm-Frank theory cannot describe the observed
results [14-16]. The new models [4, 5] predict that at the FRS and Super-FRS energies the
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Figure 1. Calculated Cherenkov photon density dNcy/dA (eq. (2.2)) as a function of wavelength for
3Ni and '**Xe ions: solid lines — calculations based on the Tamm-Frank theory; line + symbol —
calculations including the energy loss of RHI in the liquid radiator. The energies of RHI are chosen like in
the experiment [3].

energy loss of the ions in the radiator leads to broadening and appearing of the complex diffraction
structures of the spectral and angular distributions. These distributions are very sensitive to the
charge and velocity of RHI and radiator thickness [5, 8], thus the experiments with the Super-FRS
will contribute to the detailed understanding of ChR from RHI ions and will lay the ground for
improved and novel detector developments, like velocity selector [9].

Cherenkov radiation appears when the particle velocity is greater than the phase velocity of light
in matter: v/c = 8 > 1/n(w), where n(w) and 8 — are the refraction index of the radiator and RHI
velocity, respectively. The ChR emission angle  is defined by the condition: cos® > 1/8n(w).
The spectral-angular distribution of ChR is (see e.g. [7]):
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Here: c is the speed of light in vacuum, Ze is the RHI charge; #(x) = /Ox % is the RHI time-of-
flight through radiator depending on its velocity v(x) that decreases due to slowing down and L is
the thickness of the radiator.

The slowing-down is very complicated function of RHI energy. We shall consider the ChR
from 500-1000 GeV/u (GSI and FAIR energies) RHI when for qualitative analysis one can use the
Bethe-Bloch formula, and for more precise numerical calculations the computer codes SRIM 2013
(Ziegler) [12] or ATIMA (H. Weick) [13]. The relativistic Bethe-Bloch formula for mean ionization

energy loss reads [7]:
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where k = 0.307075MeVg~'cm?, I is the mean excitation energy, Z; and A, are the atomic number
and atomic mass of radiator, & (By) is the density effect correction to ionization energy loss. The



Bethe-Bloch formula contains projectile charge squared and mass dependence through Wy,,«x. The
Z? dependence leads to a huge increase of ChR photon number compared to electrons and protons.
The RHI mass enters the equation for the maximal energy transfer to a target electron:

~ 2mec2ﬁ2y2
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As in [8], let two isotopes with different masses M and M, have equal initial relativistic factors
¥o = ¥1(0) = E1(0)/(Mic?) = y2(0) = E»(0)/(Mac?), but after penetration through a thin layer of
radiator Ax, as it follows from egs. (3.2)—(3.3), the isotopes loose different amount of energy and
enter the next piece of the radiator with the energies:

E1 (Ax) = E1 (0) = AE1Ax = E1 (0) = S1(y0) - Ax,

(3.4)
E> (Ax) = E» (0) = AE2Ax = E> (0) — Sa(yo) - Ax.

Here, S(y) = —dE /dx is the stopping power. Assuming E;(0) # E;(0), the relativistic factors of
isotopes after penetration depth Ax become different:

Ei(Ax) S1(yo) - Ax Ex(Ax) Sa2(yo) - Ax
A — — - A = = - 35
Y1(Ax) ez M, ¥2(Ax) ez My 3.5)
In view of egs. (3.4)—(3.5), the ratio of relativistic factors becomes equal to:
yi(Ax) _ 1= S8i(yo)- Ax/yoM,c* _1-& (3.6)
y2(Ax) 1= S(y0) - Ax/yoMac?  1-&
As it follows from the eq. (3.6), the ratio of quantities
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depends on isotopes mass ratio, even if the stopping powers differ not much. By calculating y(Ax)
values, one can obtain the velocity values at all penetration depths, substitute them into eq. (3.1)
and provide further numerical calculations of ChR spectral-angular distributions.

4 ChR from RHI in solid radiator — simulations of isotopic effect

The further consideration is based on numerical calculations using eq. (3.1) and the slowing-down
of RHI, calculated with ATIMA [13] package that allows to obtain exact values of the RHI energy
as it penetrates through radiator. The figures 2—4 present the spectral-angular distributions of ChR
from Li, Be and Xe isotopes. The broadening is clearly seen and, in accordance with (9), is more
brilliant for light isotopes, when the difference in masses (almost twice) plays the key role.

The dramatic change in ChR spectra from Li (figure 2) to Be (figure 3) isotopes is due to the
different radiator thickness (in figure 3 it is twice as large as in figure 2) and initial isotopes energy
(in figure 3 for Be it is half of that for Li in figure 2). As a sequence, the influence of slowing-
down on the ChR spectra is more remarkable in figure 3. Since the Cherenkov radiation angle is
connected with isotope velocity, which decreases due to slowing-down, and due to interference of
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Figure 2. Angular (left) and spectral (right) distributions of Cherenkov radiation from lithium isotopes (°Li,
8Li, 'Li) at 1 GeV/u in LiF radiator. The radiator thickness L = 2.5mm. For angular distributions LiF
refractive index equals 1.39958 (at 390 nm), for spectral distributions it changes from 1.39996 to 1.39926
(384-395 nm).
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Figure 3. Angular (left) and spectral (right) distributions of Cherenkov radiation from beryllium isotopes
("Be, °Be, “Be) at 500MeV/u in LiF. The radiator thickness L = 5mm. For angular distributions LiF
refractive index equals 1.39958 (at 390 nm), for spectral distributions it changes from 1.4048 to 1.39778
(330-420 nm).
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Figure 4. Angular (left) and spectral (right) distributions of Cherenkov radiation from uranium isotopes
(1?*Xe, 131 Xe, '#7Xe) at 600 MeV/u in diamond radiator. The radiator L = 2.5 mm. For angular distributions
diamond refractive index equals 2.4688 (at 390nm), for spectral distributions it changes from 2.5088 to
2.4485 (330—420 nm).



waves emitted from different parts of isotope trajectory many peaks (“diffraction-like structure”)
appear in both spectral and angular distributions.

One may suggest that the presented results can be used as isotopes mass selector, due to
differences among isotopes spectra, even they are always continuous and overlapped. The possible
solution is the sensibility of the FWHM of calculated spectra to the isotope mass. The “overlapping”
problem is under study and the results will be published in a separate paper.

5 Conclusions

The future TOF measurements at the Super-FRS will be based on the detection of total number
of Cherenkov photons from RHI in a liquid radiator. The ionization energy loss of RHI in a
liquid radiator only slightly decreases the total number of Cherenkov photons. Recently a first
ring-imaging Cherenkov counter for heavy ions (HI-RICH) was developed [17] and demonstrated
its great advantages compared to conventional TOF detectors. Our results may contribute to
improvement of Monte-Carlo procedure [17] based on Tamm-Frank formula, i.e. how to consider
in a more correct way the influence of relativistic heavy ions (isotopes) energy loss in a radiator on
Cherenkov photon number.

We showed by means of computer simulations that the ionization energy loss of RHI in a solid
radiator changes sufficiently not the total number of ChR photons, but ChR angular and spectral
distributions. There also arises the specific difference of these distributions for RHI with the same
charge but different masses — the isotopic effect in ChR. The first estimations of the isotopic effectin
RHI ChR [8] revealed that for the fixed ChR wave length the diffraction maximums in ChR angular
distributions for different isotopes are shifted relative to each other. The simulated ChR spectral
distributions (fixed observation angle) from light and heavy (Li, Be, Xe) 500-1000 MeV/u isotopes
in diamond and LiF solid radiators clearly show that they also are well sensitive to the isotope mass
(if the incident relativistic factor is the same). The predicted isotopic effects in spectral-angular
distributions of ChR from RHI in transparent solid radiators probably can be used as isotopes mass
selector, similar to Cherenkov light detection as a velocity selector for uranium fission products at
intermediate energies [9].
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