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Abstract 
The synchrotron facilities are developing towards high-

er brightness, lower divergence, narrower pulse, higher 
stability, etc. Therefore, the requirements of the first mir-
ror of the beamline, who bear high-heat-load, were also 
upgraded, and the performances of the mirror become 
affected easily by other factors, such as flow induced 
vibration, clamping force, etc. Indirect water cooling 
based on eInGa bath is regarded as an effective mean to 
solve these thorny problems in designing of the first mir-
ror cooling. However, for the case a horizontal deflection 
mirror, the unilateral cooling method is usually adopted, 
resulting in some changes in the structure of the mirror. In 
this paper, a first mirror horizontally deflecting of Hefei 
Advanced Light Facility (HALF) are taken as an example 
to introduce the optimization method to achieve ultra-low 
slope error in the meridian direction. The results show 
that this optimization method provides a rapid design 
process to design the cooling scheme of the horizontally 
deflecting mirror based on the eInGa bath. 

INTRODUCTION 
In synchrotron facilities, the first mirror of the beamline 

has the advantages of substantially reducing the heat load 
of downstream optics, suppressing high order harmonics 
and radiation shielding [1]. The cooling method of the 
first mirror, depended on the heat load power density and 
total heat load on it, can adopt direct water cooling, indi-
rect water cooling or liquid nitrogen indirect cooling 
schemes [2-5]. Since the power density on the first mirror 
has a good uniformity and symmetry in the meridian 
direction, an indirect water cooling, combined with the 
thermal deformation optimization method via passive 
reverse thermal moments, were developed [6, 7]. With the 
improvement of the brightness, stability and low diver-
gence of the synchrotron light source, the surface shape 
requirement of the first mirror of the beamline has re-
duced to the order of hundreds nano-radian, which also 
leads challenges, such as the flow induced vibration 
caused by the coolant, the clamping deformation caused 
by the liquid cooled copper plates when cooling the mir-
ror and the non- uniformity of the thermal conductance 
between contact blocks, etc. The indirect water-cooling 
scheme based on eInGa bath is regarded as an effective 
means to solve these problems [8, 9]. However, for the 
case that the first mirror is a horizontal deflection one, the 

optimization method is different because of the changes 
of cooling structure, such as: 1) the side of the mirror 
needs to be slotted for holding eInGa; 2) the cooling area 
changes from bilateral to unilateral. These factors will 
significantly affect the design and optimization of the 
mirror and its cooling structure. Taking a high-heat-load 
first mirror of the beamline of Hefei advanced light 
source (HALF) as an example, this paper introduces the 
optimization method to achieve the ultra-low meridian 
slope error in the meridian direction of the high heat load 
horizontally deflecting mirror. 

THERMAL DEFORMATION  
OPTIMIZATION METHOD BASED ON 

eInGa BATH COOLING 
The eInGa bath cooling method for the first mirror of 

the beam line has many advantages [8, 10]. First, the 
eInGa liquid metal has a very high and uniform heat 
transfer coefficient at the contact interface between com-
ponents, up to 100,000 W/m2K [10]. Although the thermal 
conductivity is only 28 W/m•K, it still turn out to be an 
excellent thermal interface material. Secondly, the vis-
cosity of eInGa liquid alloy is very low, only 
1.99×10 3 Pa•s, a factor of two greater than that of water 
[11], makes the vibration transfer ability extremely bad, 
which can effectively decouple the flow induced vibration 
transmitted from the water-cooled copper plate to the 
optical element. Third, the liquid metal can avoid the 
clamping force on the optics since no direct contact be-
tween the cooling mechanism and the mirror. However, 
the application of cooling based on the eInGa bath will 
also have some influences on the mirror body and the 
cooling structure. 

Limitation 
In the first mirror of vertical deflection, eInGa grooves 

can be applied on the top surface and near the edges of it 
[8]. This cooling topology is similar to the cooling effi-
ciency of the double-sided clamping structure [12]. The 
difference is that since the insertion of the cooling struc-
tures in the mirror body, the depth of the notches will also 
increase, but the level of the reverse thermal moment on 
each side will not change much.  

However, in the first mirror of horizontal deflection, the 
eInGa groove can only be applied on the top surface of 
the mirror, i.e., on one side of the incident plane, as 
shown in Fig. 1. This cooling structure is very different 
from the previous: 1) The cooling efficiency is reduced. 
As the cooling structure is changed to one side, the cool-
ing efficiency is reduced by twice compared with the two-
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side cooling, resulting in a further increase in the surface 
temperature of the mirror. 2) Deeper notch. Since the 
eInGa groove is cut into the side surface of the incident 
surface, the distance between the cooling area and the 
heating area is reduced. In this case, notch deeper than the 
depth of the groove is needed to adjust the stress by near 
the middle temperature isotherm between the hot and cold 
regions. 3) Thicker mirror body size. Limited by the pro-
cess and reliability, there is a certain distance between the 
eInGa groove and the incident surface in the normal di-
rection of it. The greater the distance, the smaller the 
reverse thermal moment. Thus, the increasing of the 
thickness of the mirror body is needed to generate a 
greater reverse thermal moment, and the reverse thermal 
moment is greater than twice the bilateral cooling. 

 
Figure 1: A horizontally deflecting mirror (silicon) based 
on eInGa bath and its cooling structure. 

 
Figure 2: Temperature distribution on the cross section of 
the mirror. (The reverse bending thermal moment can 
only be formed between the uniform temperature zone 
(green) and the region with a lower temperature than it 
(bule). The thermal stress region pairs are as follows: 1) 
The bending thermal stress: the uniform temperature 
regions and the high temperature region (red); 2) The 
reverse bending thermal stress: the low temperature re-
gion and the uniform temperature region; 3) Lateral bend-
ing thermal stress: the high temperature region and the 
low temperature region.). 

For the horizontally deflecting mirror, the optimization 
of the thermal deformation of the mirror should adopt an 
asymmetric structure rather than a symmetrical structure, 
that is, the notch is applied only on the top surface of the 
mirror. In this case, notch can achieve a greater depth to 
generate larger reverse thermal moment. On the other 
hand, for a bilateral notch structure, although the mirror 
can be widened to avoid the middle region of the mirror 
being too thin, the cooling efficiency may decrease and 
the footprint region’s temperature may fly. The last but 

not least, there is a lack of thermal stress zone pairs in the 
bottom part of the mirror to balance the lateral bending 
and bowing of the mirror body which can be witnessed in 
Fig. 2. Therefore, the presence or absence of the notch in 
the bottom part of the mirror will not improve thermal 
deformation. 

Optimizations for the Unilateral Cooling Based 
On eInGa Bath 

After the limit factors of the first mirror for horizontal 
deflection being settled, the mirror and its cooling struc-
ture are basically determined, as shown in Fig. 3. For this 
module, the thermal deformation in the meridian direction 
of the incident surface can be treated as the superposition 
of three effects, namely, bowing, bumping and edge effect 
[12, 13]. The thermal deformation of the bowing and the 
bumping derives from the total heat load and power den-
sity distribution respectively. And the edge effect derives 
from the changes in heat load conditions and cooling 
efficiency at both ends of a spot, featured with a sharp 
thermal deformation change in this area. 

 
Figure 3: Horizontally deflecting mirror and its cooling 
structure（Usually, subject to the process, the wall thick-
ness on each side of eInGa bath is ≥8 mm, and the width 
of the bath is ≥8 mm.) 

For the first mirror, the distribution of heat load power 
density in the meridian direction is usually uniform. Tak-
ing a first mirror of a beamline of Hefei Advanced Light 
Facility as an example, its power density is shown in 
Fig. 4. According to the following calculation, the non-
uniformity of its heat load in the meridian direction is 
1.5 %, which represents a good uniformity. 

 
Therefore, the three effects of thermal deformation can 

be handled separately. In the meridian direction, a nearly 
complete compensation for a bowing deformation can be 
achieved by controlling the position and depth of notch 
[6, 12]. The bumping, a deformation relative small under 
conditions of uniform power density in the meridian di-
rection, can also be optimized to some degreee in this 
process [14, 15]. For the edge effect, there are two ways 
to deal with it. One is to shorten the length of the cooling 
zone and reduce the cooling efficiency near the two ends 
of the spot. The other is over irradiation, which extrapo-
lates the area affected by the edge effect away from the 
central region by making the spot size longer. Therefore, 
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for the first horizontally deflecting mirror based on eInGa 
bath cooling, the optimization work of meridian thermal 
deformation is decomposed into the optimization of the 
mirror body and the evaluation of the region affected by 
edge effects. 

 
Figure 4: The power density distribution of the first hori-
zontal deflection mirror ሺ𝑞௫′′ ൌ 0.16 W/mm2, 𝑃 ൌ618 W). 

For optimization of the bowing and the bumping ther-
mal deformation of mirror, the thickness of the mirror 
needs to be determined first. According to the process 
parameters of the groove on a silicon mirror, and the 
width of notch who is about 5 mm, the distance between 
notch and the incident plane of the mirror is at least 
24 mm. The balancing thermal moment with respect to 
the middle of the mirror's cross section (the dotted line in 
Fig. 2) essentially renders a meridian flat mirror (except 
at the end) [16] the total thickness of the mirror body 
should be thicker than double of (24.0+2.5) mm, for ex-
ample, thickness =60 mm. Among them, the length of the 
cooling mechanism is equal to the length of the light spot, 
because, shorter than the spot size, two high temperature 
points will be generated on the incident surface, and long-
er than the light spot size will expand the influence area 
of the edge effect. In addition, the notch depth, when 
notch of a certain depth makes the meridian surface cur-
vature at positive or negative transition points, can be 
regard as the optimal value. At this point, the size of the 
area affected by the edge effect is independent of the 
mirror length. 

In the determination of the over irradiated region, to en-
sure that the slope error of the thermal deformation in the 
meridian direction of the central region meets the design 

requirements, the length of the over irradiated region 
should meet the following relationship: 

     2Over irradiation region Central area Edgeeffect    
When evaluating the influence length of the edge ef-

fect, a slope error limit should be specified, such as 
100 nrad. Then, the notch depth was optimized to the 
transition point for the mirror’s spot length equals to the 
length of concerned area of the mirror 500 mm. The me-
ridian thermal deformation curve, slope error and RMS 
slope error were obtained, as shown in Fig. 5.a). Then, 
according to the RMS slope error curve and slope error 
limit, the length of the region beyond the limit is defined 
as the edge effect influence region, which is 29 mm. Fi-
nally, according to the above formula, the length of the 
over irradiation area of the mirror is determined to be 
558mm. A FEA was implemeted by utilizing these param-
eters. As shown in Fig. 5 b, the original slope error RMS 
in the meridian of the area (500 mm) is 62 nrad, the resid-
ual slope error RMS is 59 nrad, and the fitting circle radi-
us is about 4542.8 km. 

CONCLUSIONS 
The curve transition point of the meridian thermal de-

formation provide a judgement of the notch optimization 
for eInGa bath cooling. Combined with tuning of notch 
depth and evaluating of edge effect, a horizontally de-
flecting mirror can achieve a slope error of sub-hundred 
nano rad in meridian directon. In this paper, we illustrated 
the technological limitations of the first beam line mirror 
based on eInGa bath cooling, the principle and method of 
optimizing the shape error of the spot area of it and uti-
lized the method to gain a cooling scheme featured with a 
sub-hundred nano rad origin slope error RMS in meridian. 
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Figure 5: (a) The thermal deformation, RMS slope error, etc of the mirror (Under condition of curvature transition point 
of meridian thermal deformation and 500 mm footprint length); (b) The optimized results of the meridian thermal de-
formation and slope error the mirror. 
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