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Abstract 
Jefferson lab has just completed an upgrade to its 

CEBAF accelerator which allows for an increase in the 

energy of delivered beam from 6 GeV to 12 GeV. The 

enhancements to the accelerator have included the 

addition of 10 new high performance cryomodules, and 

the removal, upgrade and refurbishment of almost 300 

existing transport magnets. Outside of the main 

accelerator, a new experimental hall has been constructed, 

and the three existing halls are currently being upgraded 

to take advantage of the higher energies. For this project, 

a new survey network has been measured and almost 

every element in the accelerator has been re-aligned. 

Commissioning of the accelerator took place at the 

beginning of this year, during the course of which, it 

became apparent that there was a significant difference 

between the expected and the actual path-length in the 

machine. This paper describes the measurements taken 

and analysis used to understand this situation. 

CEBAF 12 GEV ACCELERATOR 

The Thomas Jefferson National Accelerator Facility 

(Jefferson Lab) has been operating its Continuous 

Electron Beam Accelerator (CEBAF) since the mid 

1990’s. The accelerator was originally designed to operate 

up to 4 GeV and consisted of two super-conducting linacs 

each containing 20 cryomodules connected by arcs 

allowing five pass re-circulation. By 2000, improvements 

in SRF technology meant that the original 4 GeV energy 

was increased to almost 6 GeV. More recently Jefferson 

Lab has been undergoing a major upgrade aimed at 

doubling the energy of the CEBAF accelerator to 12 GeV. 

Construction began in 2009 on a new experimental hall at 

the northeast corner of the site, designed to run photon 

beam experiments taking full advantage of the higher 

energy. The three existing halls are also undergoing 

several major changes. Hall C is replacing one of its two 

spectrometers with the Super High Momentum 

Spectrometer capable of measuring particles up to 11 

GeV. Hall B is installing a new Large Acceptance 

Spectrometer, and Hall A is upgrading its beamline to take 

advantage of the new energies.  

At the core of the upgrade, however, are the 

enhancements to the CEBAF accelerator (Figure 1). The 

accelerating capability of each linac has gone from 0.6 

GeV to 1.1 GeV, with the addition of 5 new cryomodules, 

each capable of 100 MV acceleration. This allows a 

maximum of 11 GeV beam to be delivered to the three 

existing halls. An additional arc installed at the west end 

of the accelerator contains thirty two dipoles and 40 

quadrupoles allowing 5.5 passes and the full 12 GeV 

beam to be delivered to the new Hall D. In order to handle 

the higher energy beam the magnets in the existing arcs 

needed to be modified. Most of the dipoles were removed, 

refurbished and had steel added in order to allow for an 

increased field. The fact that the existing magnets could 

be modified in this fashion, and the existence of five 

empty cryomodule slots in each linac has meant that the 

upgrade has been possible without any change to the 

footprint of the original machine.  

The upgrade to the accelerator took place during two 

shutdowns. The first was a six month shutdown in the 

latter half of 2011, and saw almost all the dipoles in the 

east arc removed, re-furbished, and re-installed. The 

remaining work was completed during the second 

shutdown which lasted 16 months from 2012 – 2013.  

 

 

Figure 1: 12 GeV Upgrade to CEBAF. 

SURVEYS FOR 12 GEV PROJECT 

In order to provide a reference framework for the civil 

construction, it was necessary to establish a surface 

network tied to the CEBAF accelerator. Some surface 

monuments already existed, but no tie to the accelerator 

had been made since the original construction in the early 

1990’s. The accelerator was designed with four 

penetrations specifically for alignment use. These are 

located at the beginning and end of each linac, and were 

used as the basis of the new surface network. Seven new 

monuments were initially constructed, and five existing 

ones were also included. Measurements were conducted 

in September 2008 using Leica T3000 theodolite, TC2002 

EDM and DNA03 level. The adjustment initially fixed all 

four penetrations at their existing values, generating 

coordinates which were then used in a free net in order to 

generate values used for the start of construction. Error 

ellipses (1 sigma) in the region of 0.25mm were achieved. 
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Figure 2: Results of 2008 accelerator survey. Displacement vectors indicating changes in control point location. 

 

At about the same time, the main accelerator network 

was re-measured. Due to the timing of the shutdowns, this 

survey spanned a six month period from late 2007 to early 

2008. This was the first full re-survey of the accelerator 

since 1993, and the first time that free stationing and a 

laser tracker were used. The results were unexpected, 

showing that the accelerator had expanded significantly 

over the previous 15 years (Figure 2). Given the new 

observation method and instrumentation, there was some 

scepticism of these results. Further examination yielded 

no obvious systematic effects, so it was decided to re-

survey a smaller selection of the accelerator control in a 

“skeleton” network using the same instrumentation and 

fixed stations used in earlier surveys.  

The skeleton network was measured in 2009, and 

yielded results comparable to the 2008 survey. This 

indicated that indeed the accelerator had expanded, with 

the largest differences seen in the southwest corner of 

approximately 5 mm.  

These results dictated the methodology used in the six 

month shutdown in 2011. Since one experiment in 

particular needed to complete its data taking after the 

shutdown, beam delivery had to be consistent. For this 

reason it was decided to do an as-found survey of the 

magnets before they were removed, and re-position them 

at the same location when they were re-installed.  

Final Network Survey 

For the Long Shutdown in 2012 an as-found survey 

was not an option. The expansion seen in the previous 

surveys meant that virtually all components in the 

accelerator had to be re-aligned. A new control survey 

was started soon after the accelerator was turned off, 

which would provide the final coordinates for the 12 GeV 

accelerator. Observations were taken using Faro and 

Leica laser trackers, as well as Mekometer distances 

along the linacs and on the surface between the 

penetrations. The results from a minimally constrained 

adjustment confirmed the previous surveys, and in fact, 

showed a slight increase in the expansion. This 

adjustment was used as the basis of the re-alignment of 

the new machine. 

During final alignment of magnets in the east arc, 

however, it was clear that things had changed 

dramatically since the new control network was 

measured. The fit to the control points on individual set-

ups spanning approximately 50 meters indicated errors in 

the control in excess of 2mm. Typically, the magnets are 

set from one instrument station and re-shot from two 

others without the need to re-align. In this case the second 

and third stations were showing magnets outside the 

0.28mm tolerance. Alignment was halted and a series of 

test measurements were made in the arcs and in the linacs 

in order to understand the extent of the problem. Further 

measurements of the survey control were made and the 

results transformed onto the 2012 survey. This indicated a 

scaling in excess of -50ppm in local areas, with a scale of 

-26ppm over the full extent of the east arc. Examination 

of individual instrument stations revealed differences of 

over 0.3mm in the definition of magnet locations, 

depending on the instrument placement and the control 

points which were shot. 

 The measurements for the new network were made in 

June 2012; the final alignment of the magnets was started 

in March 2013, ten months after the end of operations. 

The combination of the cold winter and the extended 

period of an un-powered accelerator had evidently led to a 

major contraction of the tunnel. This effect was not 

uniform, however. Sections of the east arc varied from      

-32ppm to -51ppm; the one section measured in the west 

arc showed a change of -21ppm. More perplexing, 

though, were the measurements in the linacs which 

showed an expansion of between 3 and 5ppm. The 

seasonal variation in the size of the accelerator had long 

been observed. At one point distances along the linacs 

were monitored in order to quantify the scale of the 



changes, but no clear correlation could be determined. It 

was now theorized that the deep foundation at the start of 

the arcs acted as an anchor, so that when they contracted 

they pulled on the linacs, causing them to expand. 

Expansion cracks in the concrete floor appeared to 

support this. 

A way forward needed to be devised which would 

allow the final alignment to continue. Re-measuring the 

network was not a practical solution. Time constraints 

were only one issue; more importantly, due to the 

extended shutdown the accelerator appeared to be in a 

non-typical state, i.e. one which was not within the 

normal seasonal variation. It was decided to continue 

using the existing control values, but to modify the 

alignment procedure by adopting the following measures: 

 Magnets were adjusted from a center station, and re-

shot from upstream and downstream stations;  

 The threshold for adjusting magnets into position 

was reduced to less than 0.1mm; 

 All visible control was measured and used in the 

survey; 

 Instrument stations were located so that there was an 

overlap from one section to the next. 

Measurements from the center station were found to be 

closer to the final values, and by tightening up on the 

adjustment threshold an overall delta of 0.1mm could be 

achieved allowing for some differential movement during 

expansion. The use of all visible control and overlapping 

stations ensured a smooth final alignment between 

adjacent sections.  By using these methods we accepted 

the scale difference that existed at the time, and aimed at 

achieving an alignment which would be maintained 

during operations when, it was anticipated, the accelerator 

would expand to a more normal state. The accelerator 

alignment re-started in April and was ready for 

commissioning at the end of 2013. 

COMMISSIONING AND PATH-LENGTH 

Initial commissioning focussed on transporting 2.2 

GeV beam once around the machine, but by early 2014 

authorization had been obtained for multi-pass operations. 

During these activities a discrepancy of 2 cm was found 

in each of the first three passes. The effect showed that 

the actual path was systematically shorter than the ideal. 

Adjustments to the machine were made in order to 

compensate for this effect, but further investigation was 

required to understand the root cause.  

A scheduled maintenance period in April allowed the 

opportunity for further measurements to be made. Since 

this was a 5 day shutdown, it was only possible to 

conduct measurements in one arc. Given the extremes 

observed during final alignment, it was decided to focus 

on the east arc. All control points along the arc were 

measured, together with selected magnet stacks. In 

addition, some long distances in the linacs were measured 

using the Mekometer. The control points from the 

individual magnet stack surveys and from the entire arc 

were entered into a seven parameter transformation with 

the values from the 2012 network survey. The results 

showed that although there was still some variation 

around the arc, it had expanded such that the overall scale 

difference from the 2012 network was reduced from         

-26ppm seen in 2013 to -8ppm (see Table 1). 

The magnet stacks measurements appeared to follow 

the same trend as the survey control. Differences from 

ideal values were larger than recorded in the final 

alignment, but generally below 0.2mm. 

 

Table 1: March/April Differences from 2012 Network 

Measurement Mar 2013 Apr 2014 

Overall Scale 

 (E Arc) 

-26 ppm -8 ppm 

E Arc Traverse 

Difference 

-8.8 mm -2.5 mm 

North Linac 

Distances 

+3 ppm +1 ppm 

South Linac 

Distances 

+5 ppm +2 ppm 

 

An additional diagnostic used was the sum of the 

distances calculated between adjacent control points, or a 

traverse. This was a rough approximation of the path-

length around the arc, and this measurement also showed 

a value much closer to the 2012 network survey. 

The linac distances again showed contradictory results, 

and shrunk to roughly 1ppm away from the 2012 values. 

Although these measurements showed that the 

accelerator had indeed expanded, it was still smaller than 

it was in 2012 (Figure 3). The discrepancy also did not 

match the 2cm per pass found during commissioning, 

which equates to 40 ppm of the path in the arcs. 

Further measurements were carried out at the start and 

end of the 2014 summer shutdown in May and August. 

Additional measurements were possible during these 

surveys and the west arc was included as well as distances 

on the surface between penetrations (Table 2). 

 

Table 2: Recent Differences from 2012 Network 

Measurement Mar 

2013 

Apr 

2014 

May 

2014 

Aug 

2014 

Overall Scale 

(E Arc) 

-26 ppm -8 ppm -3 ppm -2 ppm 

E A Traverse 

Difference 

-8.8 mm -2.5 mm -0.6 mm -1.0 mm 

Overall Scale 

(W Arc) 

NA NA -5 ppm -4 ppm 

W A Traverse 

Difference 

NA NA -3.0 mm -2.9 mm 

North Linac 

Distances 

+3 ppm +1 ppm 0 ppm 0 ppm 

South Linac 

Distances 

+5 ppm +2 ppm 0 ppm -1 ppm 



 

Figure 3: Displacement vectors from three epochs in the east arc. 

 

The May results showed that the accelerator had 

continued to expand, and was now very close to the 2012 

values. The scale factor in the east arc was reduced to       

-3ppm, and the linac distances were about the same as 

before. The west arc showed a larger difference than the 

east, with an overall value of -5ppm. 

During the most recent measurement in August, the east 

arc showed little significant change from the May results, 

with the overall scale factor continuing to show 

expansion, but the traverse measurement showing a slight 

contraction. The west arc showed a slight expansion. 

Linac distances remained about the same. Although the 

accelerator was turned off, it is probable that the summer 

temperatures meant that no significant cooling took place. 

 

CONCLUSION 

The upgrade of the CEBAF accelerator at Jefferson Lab 

to 12 GeV has been a major effort over the past few years.  

A re-survey of the network control before construction 

showed that there had been a sizeable expansion over the 

previous decade or so. This meant that virtually all 

elements in the new machine had to be re-aligned. During 

the course of final alignment it was clear that the tunnel 

had shrunk significantly since the new network was 

measured. This was most likely due to the combined 

effects of the cold winter temperatures and the extended 

period of time that the accelerator had been turned off. In 

spite of making a valid assumption that the accelerator 

would expand back towards the original position, when 

commissioning took place a difference of 2cm per pass 

was discovered. Survey measurements to date have not 

been able to illuminate the reason for this discrepancy. 

It is intended that further measurements will be taken. 

These will not only include survey measurements, but 

also tunnel thermometry, beam based measurements and 

geological studies. It is hoped that these will shed light on 

the root cause of the path-length discrepancy, so that by 

understanding the cause, we will know if the correction 

devices employed by accelerator operations to date, will 

be sufficient to compensate for this effect in the future. 
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