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ABSTRACT 

 
The Nuclear Technology Development Center manages, since 2007, a Radiopharmaceuticals Research and 

Production Unit. In the first months of 2014, the radiopharmaceuticals syntheses yields started to fall well under 

the nominal values. This paper presents a summary of the tests performed to identify the causes of the low yield 

syntheses and the actions taken to resolve. By sharing our experience, we aim to help other radiopharmaceuticals 

producers facing similar situation, as solution may not be trivial, neither fast nor cheap. 

 

 

1. INTRODUCTION 

 

The Nuclear Technology Development Center (CDTN/CNEN-MG) established in 2008 a 

Radiopharmaceuticals Research and Production Unit (UPPR) dedicated to the development 

and production of PET radiopharmaceuticals. In this facility, GMP grade [18F]FDG and sodium 

[18F]-fluoride (Na[18F]F) are routinely produced and supplied to nuclear medicine services 

located at Minas Gerais state, Brazil. In addition, researches focused on other PET 

radiopharmaceuticals such as [18F]Fluorocholine, [18F]Fluoroestradiol, [18F]Fluorothymidine 

and [11C]Methionine are currently being conducted to support preclinical and clinical studies. 

The manufacturing process and quality requirements are established for each 

radiopharmaceutical. Acceptance criteria for radiochemical yields are also defined considering 

many factors, such as synthesis route, purification method, equipment and raw materials used, 

etc. 

 

A GE PETtrace 8 [1] cyclotron accelerator and GE Tracerlab MX [2] synthesis modules are 

among the main equipment used for production at the plant. Historically, [18F]FDG is the most 

largely produced radiopharmaceutical and the syntheses yield routinely was higher than 50%, 

as expected. However, at the first months of 2014, the pattern changed to very unstable and 
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lower yields, as one can see in Figure 1 and Figure 2. These figures present yields for [18F]FDG 

syntheses carried out using two Tracerlab MX modules, from April-2013 to April-2015. The 

synthesis yield is always calculated as the ratio of the [18F]FDG activity, measured using the 

“bulk” detector of a COMECER Theodorico Robotic Dispensing System [3], to the 18F activity, 

measured using the Tracerlab PIN-diode detector located behind the anion exchange cartridge 

(recovery cartridge). The tilt observed in the trend line for module 2, smoother than for module 

1, is due to differences in the calibrations of the PIN-diode detectors. 

 

This paper presents a summary of the tests performed to identify the likely causes of the low 

[18F]FDG syntheses yields and the actions taken to resolve the problem. By sharing our 

experience, we aim to help other radiopharmaceuticals producers facing similar situation, as 

solution may not be trivial, neither fast nor cheap. 

 

 
 

Figure 1:  [18F]FDG Synthesis Yields from mid-2013 to mid-2015 – Tracerlab No. 1. 

 

 

 
 

Figure 2:  [18F]FDG Synthesis Yields from mid-2013 to mid-2015 – Tracerlab No. 2. 
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2. PRELIMINARY CHECKS AND TESTS AIMING THE PROBLEM 

IDENTIFICATION 

 

Once abnormal results of syntheses yields had been detected, the routine verifications and 

tests recommended in chapter 12 (Troubleshooting) and chapter 14 (General Check Procedure 

in the Case of Low Yields) of reference [2] were started. Results are reported below: 

 

i. F-18 activity measured by the Tracerlab PIN-diode and by the “bulk” detector of the 

Comecer Theodorico was checked using a Capintec CRC-25R Radioisotope Dose 

Calibrator [4] and the results agreed within 10% (to activities lower than 2 Curies, that is 

the upper limit of the dose calibrator);  

ii. No abnormality was found in QMA cartridges or in the Eluent Pinch Valve; 

iii. Kriptofix® was not found in the recovered 18O water; 

iv. Enriched 18O water is not reused after irradiation; 

v. No squeezed tube or blockage avoiding the irradiated water to flow properly through the 

cassette was observed; 

vi. The QMA, HP and LP valves, and vacuum pump were not defective – all flows, pressure, 

vacuum and pump are within the specification; 

vii. The activity of 18F was properly transferred to the modules before starting the syntheses; 

viii. No problem was detected with the eluent or with its transference from the vial into the 

reservoir or into the QMA. 

 

Many other checks and tests were performed on the modules, cassettes and reagents without 

showing any malfunctioning or a clear evidence of the cause of the problem. As part of the 

investigation, the batches of chemicals and enriched water were changed, nitrogen leak checks 

were performed, nitrogen bottle was changed and nitrogen gas was replaced by helium. The 

content of the waste bottle was analyzed by TLC and just [18F]Fluoride and partially 

hydrolyzed [18F]FDG were found. Furthermore, electrical parameters of the Tracerlabs were 

checked, such as pressures and vacuum, temperature and moisture.  

 

Figure 3 shows a graph of a Tracerlab MX report that is a typical example of the low yield 

syntheses. It is clear the huge and unexpected difference of the activity after the labelling phase 

(green curve to blue curve). Such pattern, synthesis after synthesis, for both modules, showing 

bad labelling reactions jointly with the checks and tests previously performed gave a strong 

indication that there were some impurities coming from the high activity bombardment that w

ere interfering with the labelling and contributing to the low yield. Therefore, the cyclotron 

accelerator or one of its subsystems came to the spotlight as the main suspects. However, prior 

to investigating the cyclotron it was necessary to be sure about the accuracy of the Tracerlab 

PIN-diode and the “bulk” detector of the Comecer Theodorico when measuring activities 

beyond the limit of the Capintec dose calibrator (> 2 Ci). 
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Figure 3:  Typical Tracerlab report for low yield syntheses of [18F]FDG. 

 

 

A Capintec CRC 25R was the only dose calibrator available at CDTN to check the responses 

of the Tracerlab and Theodorico detectors. As mentioned before this Capintec model is limited 

to around 2 Ci. To overcome such limitation, the linearity of these detectors were verified 

through the Cyclotron Saturation Yield Calculator, which can be used to calculate the activity 

of 18F produced in a target during the bombardment as function of the cyclotron parameters.  

 

The Saturation Yield may be experimentally calculated as  

 

SFxI

A
SATY EOB  

(1) 

 

where, 

 

SATY = Saturation Yield (mCi/µA); 

AEOB = Activity at End Of Bombardment (mCi); 

I = the beam current (µA); 
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SF = Saturation Factor = 
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where, 

 

tB = irradiation time (min); 

T1/2 = Isotope half-life (109.74 min for 18F).  

 

Enriched water was irradiated in target 1 with a proton beam at 40µA during 20 minutes. The 

activity at End of Bombardment measured with the Capintec dose calibrator reached 1018 mCi. 

Inserting these values in equation (1) one can find that the saturation yield for this target is 

214.4 mCi/µA.  

 

Similarly, to check linearity of the Theodorico´s detector, enriched water was irradiated in 

target 1 with a proton beam at 65µA during 100 minutes and immediately delivered to the 

“bulk” detector. Consecutive measurements were performed by this detector at several time 

intervals after the End Of Bombardment and corrected to the AEOB, using equation (2):  

 











2/1

69315.0
T
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(2) 

 

where, 

 

AM = activity measured (mCi); 

tAB = time after end of bombardment (min); 

 

It was found that the Theodorico´s bulk detector gives bad responses for high activity 

measurements, as shown in Figure 4. It shows the activities measured (AM) several times after 

the EOB and the correspondent corrected activity (AEOB, equation 2), as well as the theoretical 

activity produced in the target (AEOB, equation 1). If Theodorico´s bulk detector presented good 

linearity, one could expect to see the corrected activity (red curve) as a horizontal line, similar 

and close to the theoretical curve (the black line). Instead, what figure shows is a strong 

underestimate of the detector response for high activities that goes converging to the expected 

value when it measures low activities. Therefore, such anomaly of this detector needs to be 

taken in to account to calculate properly the [18F]FDG syntheses yields. 
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Figure 4:  Linearity results of the Theodorico´s bulk detector. 

 

 

3. OPERATIONAL CONDITIONS OF THE PETTRACE CYCLOTRON AND 

ACTIONS TO TRACK FOR IMPURITIES COMING FROM THE 

BOMBARDMENT 

 

As previously mentioned, there were strong indication that impurities coming from the high 

activity bombardment could be interfering with the labelling and contributing to low yields. 

During the period when CDTN was facing such low-yield syntheses the cyclotron was 

operational despite a few stops due to corrective or preventive maintenance and a good 

technical indicator of the general condition of the accelerator is the report issued by GE after 

the Preventive Maintenance (PM) held in December-2013, which is summarized in figures 5.  

 

 

DIAGNOSIS AND SERVICE PERFORMED 

Diagnosis/Troubleshooting: Preventive Maintenance. 

Repair calibration: Maintenance carried out as the Service Manual; detailed 

report filled and copies delivered to the customer with checks, tests, calibrations, 

adjustments, cleaning procedures and replacement of consumables. All the check 

list procedures performed successfully with few adjustments on vacuum, helium 

and tuning systems. 

Service Event:Install/PM/FMI completed per specs and is ready for use. 

 

Figure 5a:  Summary of the Cyclotron PM (December 2013 report). 

 



INAC 2017, Belo Horizonte, MG, Brazil. 

 

ION SOURCE 

Checkpoint Status Replaced ? 

ANODE CONDITION Half Life No 

CATHODE CONDITION Half Life No 

CATHODE OPERATION TIME Since Jan2013 No 

SLIT CONDITION Good No 

INSULATOR CONDITION Good No 

SLIT ALIGNMENT (angle) Good No 
 

 
Location Measured Distances Unit Typical 

A  1.00 mm 0.9 – 1.2 

B  0.38 mm 0.3 – 0.5 

C  0.55 mm 0.4 – 0.6 

D  1.05 mm 1.1 – 1.3 
 

 
DEES 

DEE Heights: 

Measurement 

Point 

Letter 

in the 

picture 

Height 

(mm) 

Thickness 

(mm) 

Theoretical 

midplane 

from pole 

(mm) 

Actual 

midplane 

from pole 

(mm) 

Variance 

(mm) 

D1 tip top A 46.02 33.00 30 29.33 0.48 

D1 upper 

corner 

B 75.80 36.35 58 57.63 0.37 

D1 lower 

corner 

C 47.64 36.30 30 29.49 0.51 

D1 tip lower D 46.37 32.65 30 30.05 0.05 

D2 lower tip E 74.58 32.90 58 58.13 0.13 

D2 lower 

corner 

F 47.62 36.20 30 29.52 0.48 

D2 upper 

corner 

G 75.18 35.81 58 57.07 0.72 

D2 upper tip H 73.95 32.65 58 57.62 0.37 
 

 Dee Tips: Burned surface, a little wear, square shaped holes still ok. 

 

 

Figure 5b:  Summary of the Cyclotron PM (December 2013 report). 
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RF 

Dees and Stem screws: Tighten 

Finger contacts: OK 

Silicon Baffles & springs: Replace Silicon Baffle on top left corner, it is cracked. 

 0% (limit 4 mm+0.5–0) 50% 100% (more than 26mm) 

Flap1 4.32 mm 11.82 mm 32.37 mm 

Flap2 4.63 mm 11.38 mm 32.60 mm 
 

Flaps function: OK 

Flaps Calibration: OK 

  Flap 1- motor max current: 124mA 

  Flap 2- motor max current: 108mA 

 
EXTRACTION 

-2 broken foil found for each carrousel – foils replaced and - mA reset; 

-All foils re-checked: OK; 

-Carousels Motors Calibration: OK; 

  Carrousel 1: max current 205mA 

  Carrousel 2: mas current 124mA 

-Balance Motor Calibration: OK. Motor and mechanics operation re-check: OK; 

  Balance calibration max current: 230mA 

-Isolation: 29.50K (cable connected) 534K (cable disconnected); 

-Foil change mechanism: OK; 

-Trolley: OK; 

-Collision and limit switches: OK; 

-Collimators openings: (T4) 9.77mm, (T2) 9.91mm, (T1) 9.80mm; (T5) 9.89mm 

-Collimators isolation: (T4) 29.50K, (T2) 29.44K, (T1) 29.47K; 

 
VACUUM 

-Vacuum tank door o’ring re-greased (needs to be replaced – quote approved by 

customer); 

-First diffusion pump maintenance done; 

-Rotary pump oil changed; 

-External line rotary pump oil check only; 

-Oil filter cleaned out (filter change needed); 

-Pirani gauges: removed, cleaned, disassembled, reassembled, re-installed; 

-Penning gauge: removed, cleaned, disassembled, reassembled, re-installed; 

-Vacuum DP green led time:  32’45”; 

-Vacuum HVV open time: 16 min (time re-adjusted) 

- Rotary pump running time after pressing VCU power-off button = 41 minutes 

 
HELIUM COOLING 

-Membrane inside the compressor not changed (changed on the previous PM); 

-Internal cleaning and re-grease; 

-Helium cooling filter checked (cracked – had to be replaced). Leak found after 

replacement, filter bypassed momentarily; 

 

Figure 5c:  Summary of the Cyclotron PM (December 2013 report). 
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MAGNET 

Checkpoint Status Remarks 

Yoke microswitch OK Slot width 5-10mm 

Limit switches OK  

Function OK  

Noise OK  
  

 
 

TARGETS 
-Vacuum tight test: OK; 

-Targets insulation resistances: (T4): 20.2K, (T2): 20.1K, (T1): 20.2K; (T5): 20.0K 

-Targets maintenance: OK 

-Target water and helium leak test: OK; 

-Fill volume: checked daily during production; 

-Tubing between targets and hotcell: checked daily during production; 

 
PSMC 

Visual inspection: OK; 

Checkpoint Status Remarks 

Water flow monitor Ok  

Resistance between + and - 0.5 Ohms  

Resistance between + and G 1.2 Mohms  

Resistance between – and G 1.2 Mohms  

Fan function OK  

Air filters OK  
 

Interlocks: OK; 

Test points: OK 

Ramping sequence: OK. 

Medições de tensão X corrente X ripple X freq: 

(500A - 77.7V – 320mV – 380Hz) 

(250A – 39.5V – 244mV – 950Hz) 

(50A –7.78V -  143mV – 930Hz) 

ACU 

Filter: cleaned; 

Test points: OK. 

FLIP-IN PROBE 

Checkpoint Status Remarks 

Spring Tension OK  

Insulator Surface OK  

Function OK  
 

 

 

Figure 5d:  Summary of the Cyclotron PM (December 2013 report). 
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RFPG 
Grounding device: OK; 

Visual Inspection: no burn spots, no water leaks, no suspicious contacts; 

Dust: Just a little dust around the TAU – cleaned; 

DPA visual inspection: OK; 

Air Filter: OK; 

Diodes measurement: all measured: OK; 

Transformer terminals: all checked tight; 

Fans: OK; 

DPA:  +48VDC / ripple= 1.4mV: OK; 
 

Measurement Module RFPG Status 

Parameter Off Standby H(-)  

Dee volts ref. -0.01 6.51 6.51 

Dee volts read1 -0.00 -0.00 6.52 

Dee volts read2 -0.00 -0.00 7.05 

Load tunning error -0.00 -0.00 0.53 

Rf fw voltage -0.00 -0.00 683 

Rf fw refl voltage -0.00 -0.00 000 

Dpa rf fw voltage -0.00  0.00 85.6 

Forward power 0.00 0.00 9.63 

Reflected power 0.00 0.00 -0.11 

Anode voltage 0.00 7.92 7.70 

Anode current 0.00 0.30 2.46 

Grid voltage 0.00 -228 -228 

Grid current 0.00 -104.8 -78.4 

Screen voltage 0.00 844 845 

Screen current 0.00 25.4 47.8 

Heater voltage 0.00 6.18 6.18 

Heater current 0.00 1.--- 1.---- 

    Freq1 lower (led) 0 LIT LIT 

Freq2 upper (led) 0 OFF OFF 
 

   PSS Normal Stby 

Dee Voltage Set 35.5 35.5 

Dee Voltage Read 35.5 0 

Delta Dee Volt Set 2.0 2.0 

Delta Dee Volt Read 2.0 0 

FW PW 9.9KW 0.2KW 

Reflected PW  0.1KW 0.0 
 

     Normal Stdby H start 

Flap1 24.8% 25.1 25% 

Flap2 24.8% 24.6 18% 
 

 

Figure 5e:  Summary of the Cyclotron PM (December 2013 report). 
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ION SOURCE 

Voltage (V) Current (mA) Probe current (uA) 

1234 50 15.45 

1180 100 59.50 

963 150 103.40 

810 200 143.23 

708 250 176.36 

634 300 195.21 

571 350 200.0 

528 400 200.0 

492 450 200.0 

462 500 200.0 

440 550 200.0 

424 600 200.0 
 

Gas Flow= 5.0 sccm; 

Gas Flow Controller OK; 

 

BEAM PERFORMANCE 

Total Beam Current  12.73 μA / 12.18 uA 

Target 1 Beam Current  7.74 μA 

Target 4 Beam Current  8.70 μA 

Collimator 1 (Lower) Current  0.6 μA 

Collimator 1 (Upper) Current  0.7 μA 

Collimator 4 (Lower) Current  0.4 μA 

Collimator 4 (Upper) Current  0.4 μA 

Foil 1 Current  9.10 μA 

Foil 2 Current  9.63 μA 

Ion Source Current  51 mA / 50 mA 

Ion Source Voltage 1205 kV 

Magnet Current  434.1 A / 434.8 A 

Dee Voltage 1  35.9 kV 

Dee Voltage 2  36.7 kV 

Gas Flow  5.0 sccm 

Vacuum Pressure (Start)  1.3X10-5 mbar 

Vacuum Pressure (Stop)  1.3X10-5 mbar 
 

 

Figure 5f:  Summary of the Cyclotron PM (December 2013 report). 

 

 

In addition, several other checks and tests on the cyclotron and their subsystems were 

performed as listed below.  

 

i. Paper burns for target positions 1 and 4; 

ii. Replacement of all TEFZEL transfer lines and all PEEK lines; 

iii. Adjustments of PEEK tubes lengths to meet the dimensions specified in the Cyclotron 

Installation Manual: water tube as short as possible; Helium tube with exactly 3 meters; 
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iv. Standard maintenance of the liquid targets; 

v. Replacement of all the 3-way-valves: inside the bunker and behind the hot cells; 

vi. Changes in the beam width by changing the Delta Voltage; 

vii. Swap Nb-target with Silver target; 

viii. Replacement of Nb inserts of the targets; 

ix. Replacement of one whole LTF; 

x. Two standard Preventive Maintenances were performed on the cyclotron (December 

2013 and August 2014); 

xi. Verification of the cyclotron calculated activity using an external Capintec dose 

calibrator; 

xii. Verification of impurities in the irradiated water using a HPGe detector. 

 

In spite of all these actions the low-yield syntheses persisted. Finally, in April 2015, more 

accurate paper burn tests revealed that the beam of target 1 was not correctly aligned (Figure 6 

shows the paper burn marked above the line). Therefore, a slight adjustment of the collimators 

of that target was done and verified. In addition, fine adjustments were made for the best 

cyclotron performance including beam re-tuning, paper burns for both targets and isochronous 

curve analysis and magnet current setup. 
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Figure 6:  Paper burn for target 1 shows the mark above the horizontal line (water 

level). 

 

 

Furthermore, confirming the beam misalignment of irradiation position 1, when the Niobium 

insert of this target was inspected, after maintenance, a spot mark was found on it. Indeed, 

spot marks were found in both Niobium inserts, for target 1 and 4. However, as no 

misalignment was verified to target 4, the spot mark on this insert was attributed to the 

swapping of the targets, i.e., both targets were irradiated at position 1 for some period. Figures 

7 and 8 show pictures of niobium inserts of the targets 1 and 4. 
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Figure 7:  Spot mark in the niobium insert of the target 1. 

 

 

 
 

Figure 8:  Spot mark in the niobium insert of the target 4. 
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4. CONCLUSIONS 

 

The Radiopharmaceuticals Research and Production Unit (UPPR) of CDTN/CNEN-MG faced 

low-yields syntheses of [18F]FDG for more than a year. Standard verifications and tests 

recommended in the Service Manual of the GE Tracerlab MX synthesis modules were 

performed without success. Therefore, additional actions were required to identify and to solve 

the problem. It was not found a sole cause to the problem. The analysis of the entire work done 

revealed a set of faults, some of them leading to minor contributions others being the major 

causes. Indeed, two of these faults are pointed as the major causes of the persistent low yields.  

 

First, it was clearly identified the nonlinearity of the bulk detector of the Theodorico, which is 

used to measure the activity of [18F]FDG. This activity is used to calculate the 

radiopharmaceutical syntheses yields. The pattern found to this detector, which gives lower 

responses than expected for higher activities, agrees with the fact observed by the staff: the 

higher the Fluor-18 activity produced the lower the synthesis yield. This anomaly of the bulk 

detector was corrected through calibrations performed to correct its response for higher 

activities. 

 

The second contribution to the low-yield syntheses was the proton beam misalignment in the 

position 1 of the cyclotron as the protons were capable to mark the niobium inserts above the 

water level. The spot marks confirm that part of the beam was hitting directly the niobium 

insert and thus possibly releasing impurities from the metal that interfered with the labelling. 

This pattern is also in harmony with the observed by the staff: the higher the 18F produced, 

which means higher bombardments releasing more impurities, the lower the synthesis yield. 

The adjustment of the collimators for the target in position 1 as well as fine adjustments 

implemented for the best cyclotron performance like beam re-tuning, paper burns for both 

targets and isochronous curve analysis and the magnet current setup were able to bring the 

beam to the correct alignment. 

 

After these corrections were made, all the radiopharmaceuticals syntheses yields returned to 

normality and no recurrence of the problem was observed.  
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