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Abstract 

 

This report describes the first two integral experiments carried out in the GELINA target hall. In these 

experiments neutron and gamma flux attenuation through large thickness of materials is measured by 

dosimeters that provide a measure of the energy integrated flux weighed by the dosimeter cross section. The 

results are of interest for nuclear data evaluators as a means of validation of neutron inelastic scattering cross 

sections. The GELINA pulsed white neutron source has recently been employed to perform two such 

measurements, 238U and natCu. A 15-cm stack of several depU disks available at JRC Geel was used in the first 

experiment, and a 60-cm stack of six natCu plates from ENEA, Frascati, was used in the second. Activation foils 

of various materials were placed between the disks to measure the neutron flux. The feasibility to perform 

experiments of this type in the GELINA target hall was proven, and the data analysis is ongoing. 

  



 

 

 

 

1 Introduction 

 

In shielding experiments the attenuation of a neutron flux passing through a material is measured. These 

kinds of experiments are of interest for radiation protection, and also for nuclear data evaluators as a way to 

validate neutron inelastic scattering cross sections. SINBAD [1] is an international collaboration to store, 

evaluate and share shielding experiments that were made by different countries. A large part of these 

experiments are quite old and not all of them have the sufficient quality assurance to be used for nuclear data 

evaluation. Moreover, heavier materials than tungsten are not included. 238U for instance belongs to a high 

priority request list at OECD/NEA [2] due to its importance on both thermal and fast reactor studies. For this 

reason performing new shielding experiments, with a level of uncertainty of less than 5% at 1, is important. 

Such an experiment, called EXCALIBUR, was recently performed at the CALIBAN facility at Valduc [3], but 

showed that a repeat of the measurement should be made. Since CALIBAN was closed down this repeat needs 

to be at a different facility.  

It is possible to use the pulsed white neutron source GELINA at JRC Geel to perform shielding experiments 

within the target hall. The maximum neutron emission rate in GELINA is 3.2 × 1013 s-1, which corresponds to a 

300-W irradiation in CALIBAN (the maximum is 1 kW). The neutron spectrum from GELINA is fission-like, 

similar to the fission neutron spectrum. The first integral transmission experiment performed at GELINA used 

several disks of depleted uranium which were available at JRC Geel. The uranium disks were encapsulated in 

aluminium casing and placed close to the neutron source. Neutron activation foils (dosimeters) were located 

between the plates in aluminium holders to make relative activation measurements with respect to a 

reference dosimeter at the front. 

Copper is largely used in tokamaks in heat sink components, magnets, diagnostics, microwave waveguides, 

and mirrors. Only a few experiments, more than 20 years ago, have been performed so far with Cu in the 

neutron energy range relevant to fusion: a measurement of leakage spectra, and an integral experiment 

performed at the Fusion Neutron Source (FNS) facility in Japan (JAERI). The aim of the latter experiment was 

to validate the JENDL-3.1 nuclear data libraries for Cu. From the FNS experiment it was concluded that the 

calculations agreed with the measurement for En > 10 MeV and reaction rates of high threshold reactions 

within 10%. For neutron energies below 10 MeV, especially in the cases of 115In(n,n') and 197Au(n,) reactions, 

the difference between measurements and calculations was very large. 

A lack of good quality data, like in the case of copper, affects the analysis required for fusion applications as it 

relies on the use of validated nuclear data and calculation tools. One of the main issues with ITER is with the 

uncertainty in the nuclear heating in the superconducting magnets where copper is present. Improving the 

quality of Cu data is thus of great importance. An integral benchmark experiment has been performed at 

neutron energy relevant to fusion (14 MeV) at the ENEA Frascati Neutron Generator (FNG) using seven Cu 

blocks with a total mass of 2.25 tons. Reaction rates were measured using different activation foils placed 

inside the Cu blocks. The calculated quantities (using nuclear data libraries) were then compared to the 

experimental results in order to validate the data in Cu libraries. The experiment was complemented by 

sensitivity/uncertainty analysis performed both using deterministic and Monte Carlo SUSD3D and MCSEN 

codes, respectively. Figure 1 shows an example of the results for the reaction 197Au(n,). It may further be 

noted that JEFF-3.2 and 3.3beta testing of copper data against the Frascati benchmark for 14 MeV, and 

against critical benchmarks from the ICSBEP database, revealed discrepancies that have not been resolved. 

This highlights the need for improved data also for fission applications and hence for an experiment with a 

fission-like neutron spectrum. 

 



 

 

 

 

 

Figure 1: A comparison between the calculated (C) and experimental (E) reaction rates for the reaction 
197Au(n,) using different nuclear data libraries. 
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2 The GELINA neutron source and the target hall  

 

 

The GELINA neutron-production target is a torus of depleted uranium, containing 10% molybdenum by 

weight. A pulsed electron beam from the GELINA accelerator hits the target, typically at 800-Hz frequency. 

Neutrons are produced by bremsstrahlung-induced (,xn) and (,F) reactions. Cooling of the target is achieved 

by flow of mercury through the target support structure, and by helium flow around the torus. A water 

moderator in beryllium casing is used to produce a slow neutron spectrum. For the present experiments the 

moderators were placed as far from the target as possible at about 50 cm. With the moderator, the majority 

of the neutron flux falls between 10 meV and 20 MeV. Without moderator the spectrum starts from about 1 

keV. A technical drawing and a photograph of the target are displayed in 

Figure 2. 

 

 

Figure 2: Technical drawing and a photograph of the GELINA neutron-production target. 

 

A schematic of the experimental arrangement and a general view of the target hall are shown in Figure 3. The 

shadow bars used to block the direct neutron flux from the target and thus allowing only the moderated 

neutron spectrum to be used in certain flight paths are clearly visible on a table to the right of the target 

position. The effect of shadow bars and collimator on the present experiment needs to be investigated. A 

technical drawing of the support table is shown in Figure 4. The table is equipped with a tray mounted on ball 

bearings, so it can be moved over the full length of the table. This allowed the removal of dosimeters after the 

irradiations to be done in a more benign radiation environment. 

 



 

 

 

 

 

Figure 3: Left: a schematic of the experimental arrangement next to the GELINA target. The orange square 

represents the measurement position of the Cu block, 100 cm from the neutron-production spot on the target. 

In the uranium experiment the holder for the U disks was positioned on a separate stand 76 cm from the 

target. On the right is a general view of the target hall, before installation of the uranium/copper supports. 

The shadow bars are clearly visible on the table in front of the red shutters. 

 

Figure 4: Technical drawing of the support table, with the Cu blocks mounted. 

  



 

 

 

 

3 The first experiment – 238U 

 

The experiment was performed at JRC Geel from 19th to 23rd of September 2016. The encapsulated uranium 

disks were placed 76 cm from the target for the irradiations. A schematic of the experimental arrangement is 

shown in Figure 5. 

 

 

Figure 5: Schematic of the experimental arrangement for uranium. 

 

3.1 Uranium blocks and mounting 

 

Thirteen disks of depleted uranium were used in the experiment, giving a total thickness of 150.17 mm. The 

disks were packed into six aluminium containers. The details of the disks and containers are given in Table 1. 

A technical drawing of the uranium containers is shown in Figure 6.  

 

Table 1: Physical properties of the uranium disks and containers. 

 Empty 
container 
mass (g) 

Total 
thickness 

(mm) 

U disk Diameter 
(mm) 

Thickness 
(mm) 

U disk mass 
(g) 

Remarks 

Container 1 616.7(1) 32.4(2) BC01317I 210.0(1) 4.79(5) 3050(2)  

BC01317M 210.0(1) 20.04(5) 13115(2) Oxidized, weighted after cleaning 

BC01317D 210.0(1) 5.05(5) 3217(2) Oxidized, weighted after cleaning 

Container 3 619.5(1) 32.5(2) BC01317R 210.0(1) 20.09(5) 13125(2)  

BC01317K 210.0(1) 10.03(5) 6527(2)  

Container 4 618.6(1) 33.0(2) BC01317E 210.0(1) 5.00(5) 3264(2)  

BC01317F 209.9(1) 5.04(5) 3313(2) Not completely flat 

BC01317O 209.8(1) 19.98(5) 13046(2)  

Container 5 615.3(1) 32.6(2) BC01317Q 210.0(1) 20.05(5) 13130(2)  

BC01317L 210.0(1) 10.05(5) 6565(2)  

Container 6 616.2(1) 32.4(2) BC01317H 210.0(1) 5.02(5) 3226(2)  

BC01317G 210.0(1) 5.01(5) 3212(2)  

BC01317N 210.0(1) 20.02(5) 13107(2) Oxidized, weighted after cleaning 

Container 7 292.1(1) 7.46(5) BC01317J 210.0(1) 5.00(5) 3235(2) Oxidized, weighted after cleaning 

 



 

 

 

 

 

Figure 6: A technical drawing of the uranium disk containers. 

 

The uranium containers and the dosimeter holders were stacked on a stand, which was placed at a distance of 

76 cm from the GELINA target. For removal of the dosimeter holders the stand was moved to the other end of 

the support table to reduce dose rates. A technical drawing of the dosimeter holders is shown in Figure 7 and 

a photograph of the experimental arrangement in the GELINA target hall can be seen in Figure 8. 

 

 

Figure 7: A technical drawing of the support stand for the uranium disks. 



 

 

 

 

 

Figure 8: A photograph of the uranium disks on their support table at the irradiation position in the GELINA 

target hall. The target itself has been retracted to a shielded position; the entrance hole for the target is 

visible near the end of the beam line. 

 

3.2 Dosimeters 

 

The dosimeters were packed into aluminium holders, consisting of two aluminium plates placed against each 

other, forming a 1-mm thick central cavity between them. The holders were then placed between the uranium 

containers. A technical drawing of the holders is displayed in Figure 9. 

 

Figure 9: A technical drawing of the dosimeter holders. 

 



 

 

 

 

The dosimeters that were used during the experiment are listed in   



 

 

 

 

Table 2. The materials used were aluminium, uranium, cobalt, iron, indium, magnesium, nickel, rhodium, 

titanium, and gold. Their labelling is given by "X_Yi #j", where 

 X=element  

 Y=M ("measurement", for the transmission between the disks) or T ("test", for background 

measurements) 

 i=index number of the dosimeter 

 #j = position (1 = front side, 6 = back side) 

They have been weighed on a balance with an accuracy of ±1mg (1). The thickness was evaluated based on 

mass and area measurements. Four batches of dosimeters were prepared for the irradiations: 

• Batch 0 with dosimeters Rh+In 

• Batch 1 with dosimeters Ni+Fe+Al 

• Batch 2 with dosimeters U+Mg+Co 

• Batch 3 with dosimeters In+Rh+Ti 

In addition to the dosimeters that were placed between the Uranium disks, additional dosimeters were used to 

assess the room return effect during the irradiation of batches 0 and 3. They are referred to as follows: 

• Test1 with dosimeters Au+Ni  placed in positions #1 and #6 

• Test2 with dosimeters Ti+Al+Mg+Rh+In+Au+Ni+Co+Fe in position #1 

 

  



 

 

 

 

Table 2: Physical properties of the irradiated dosimeters. 

Name Batch Mass (mg) Diameter (mm) Area (mm2) 
Nominal 

thickness (µm) 
Evaluated 

thickness (µm) 

Al_M1 #2 Batch 1 1704 39.9331 1252.126 500 504.0 

Al_M2 #5 Batch 1 1720 39.9543 1253.461 500 508.2 

Al_M3 #3 Batch 1 1706 39.9322 1252.071 500 504.6 

Al_M4 #4 Batch 1 1718 39.9301 1251.938 500 508.2 

Al_M6 #1 Batch 1 1703 39.9375 1252.402 500 503.6 

Al_M7 #1 Test 2 1702 39.9335 1252.142 500 503.4 

Al_M8 #6 Batch 1 1723 39.9393 1252.513 500 509.5 

U8_M1 #4 Batch 2 208.2 293.5 12.1958 116.717 479±12 

U8_M10 #6 Batch 2 203.0 302.0 12.2163 117.109 414±12 

U8_M2 #2 Batch 2 206.5 278.0 12.1704 116.231 355±9 

U8_M3 #1 Batch 2 200.3 260.0 12.1314 115.468 342±6 

U8_M4 #Ref Batch 2 209.0 294.0 12.1874 116.554 442±12 

U8_M7 #5 Batch 2 205.3 281.0 12.1828 116.451 421±9 

U8_M8 #3  Batch 2 208.0 300.0 12.2157 117.056 417±13 

Co_M1 #3 Batch 2 2939 39.9873 1255.534 250 263.0 

Co_M2 #1 Batch 2 2834 39.9879 1255.507 250 253.6 

Co_M3 #4 Batch 2 2946 39.9788 1254.998 250 263.8 

Co_M4 #1 Test 2 2787 39.9903 1255.708 250 249.4 

Co_M5 #5 Batch 2 2947 39.988 1255.533 250 263.7 

Co_M6 #6 Batch 2 2964 39.9955 1256.004 250 265.2 

Co_M8 #2 Batch 2 2857 39.9941 1255.934 250 255.6 

Fe_M1 #2 Batch 1 2468 40.023 1257.751 250 249.6 

Fe_M2 #1 Test 2 2420 40.0186 1257.491 250 244.8 

Fe_M4 #3 Batch 1 2521 40.0206 1257.622 250 255.0 

Fe_M5 #5 Batch 1 2530 40.0215 1257.677 250 255.9 

Fe_M6 #6 Batch 1 2538 40.0211 1257.662 250 256.7 

Fe_M7 #1 Batch 1 2461 40.0193 1257.536 250 249.0 

Fe_M8 #4 Batch 1 2526 40.0307 1258.262 250 255.4 

In_M1 #1 Test 2 890 39.882 1248.969 100 97.5 

In_M2 #3 Batch 0 and 3 992 39.8827 1248.966 100 108.7 

In_M3 #1 Batch 0 and 3 918 39.8993 1250.060 100 100.5 

In_M4 #5 Batch 0 and 3 1012 39.8463 1246.801 100 111.0 

In_M5 #6 Batch 0 and 3 1043 39.8585 1247.453 100 114.4 

In_M7 #2 Batch 0 and 3 988 39.8876 1249.271 100 108.2 

In_M8 #4 Batch 0 and 3 994 39.8519 1247.022 100 109.0 

Mg_M1 #4 Batch 2 291 40.0337 1258.420 150 132.9 

Mg_M2 #1 Test 2 288 40.007 1256.727 150 131.7 

Mg_M3 #6 Batch 2 292 40.0192 1257.533 150 133.4 

Mg_M4 #2 Batch 2 289 40.042 1258.964 150 131.9 

Mg_M5 #5 Batch 2 291 40.0219 1257.705 150 133.0 

Mg_M6 #3 Batch 2 291 40.0237 1257.734 150 133.0 

Mg_M7 #1 Batch 2 289 40.0143 1257.231 150 132.1 

Ni_M1 #4 Batch 1 1432 40.0475 1258.859 125 127.8 

Ni_M2 #6 Batch 1 1440 40.1149 1262.705 125 128.1 

Ni_M3 #3 Batch 1 1431 40.0303 1258.231 125 127.8 

Ni_M4 #2 Batch 1 1420 40.0173 1257.407 125 126.9 

Ni_M5 #5 Batch 1 1434 40.0213 1257.675 125 128.1 

Ni_M6 #1 Batch 1 1426 40.0387 1258.760 125 127.3 

Ni_T1 #1 Batch 0 1434 40.0264 1257.978 125 128.1 

Ni_T2 #1 Test 2 1425 40.0425 1258.919 125 127.2 

Ni_T2 #2 Batch 0 1437 40.0026 1256.489 125 128.5 

 



 

 

 

 

Table 3 continued: Physical properties of the irradiated dosimeters. 

Rh_M1 #3 Batch 0 and 3 775 39.8951 1249.741 50 50.0 

Rh_M2 #4 Batch 0 and 3 822 40.0817 1261.462 50 52.5 

Rh_M3 #2 Batch 0 and 3 774 39.8946 1249.780 50 49.9 

Rh_M4 #1 Batch 0 and 3 752 40.1054 1262.982 50 48.0 

Rh_M5 #6 Batch 0 and 3 852 39.9815 1255.171 50 54.7 

Rh_M6 #1 Test 2 738 39.9064 1250.445 50 47.6 

Rh_M8 #5 Batch 0 and 3 834 40.116 1263.635 50 53.2 

Ti_M1 #2 Batch 3 2253 39.9997 1256.308 400 398.5 

Ti_M2 #5 Batch 3 2276 40.0021 1256.459 400 402.5 

Ti_M3 #4 Batch 3 2264 39.9983 1256.225 400 400.5 

Ti_M4 #1 Batch 3 2251 40.0003 1256.348 400 398.2 

Ti_M5 #1 Test 2 2247 40.0078 1256.815 400 397.3 

Ti_M6 #6 Batch 3 2299 40.0027 1256.498 400 406.6 

Ti_M8 #3 Batch 3 2261 40.0011 1256.396 400 399.9 

Au_T1 #2(*) Batch 0 234 39.9106 1250.718 10 9.7 

Au_T1 #1 Batch 0 230 39.9191 1251.213 10 9.5 

(*) This dosimeter was also used in "Test2" and was referred as Au_T2 #1. 
  

 

The reactions that were targeted in the experiment are given in Table 4. The standard cross sections for these 

are given by the IRDFF-1.05 [4]. 

 

Table 4: The reactions used in the experiment. 

Dosimeter Reactions t1/2 

Rh 103
Rh(n,n’)

103m
Rh 0.9 h 

Mg 
24

Mg(n,p)
24

Na 15 h 
Fe 

56
Fe(n,p)

56
Mn, 

54
Fe(n,p)

54
Mn 2.6 h, 312 d 

In 113
In(n,)

114m
In, 

115
In(n,n’)

115m
In 50 d, 4.5 h 

Ti 
48

Ti(n,p)
48

Sc,
 47

Ti(n,p)
47

Sc, 
46

Ti(n,p)
46

Sc 44 h, 3.4 d, 84 d 
Au 197

Au(n,)
198

Au, 
197

Au(n,2n)
196

Au 2.6 d, 6.1 d 
In 113

In(n,)
114m

In, 
115

In(n,n’)
115m

In 50 d, 4.5 h 
Rh 103

Rh(n,n’)
103m

Rh 0.9 h 
Ni 58

Ni(n,p)
58(g+m)

Co 71 d 
Co 59

Co(n,p)
59

Fe, 
59

Co(n,)
56

Mn 45 d, 2.6 h 
Al 27

Al(n,)
24

Na 15 h 
Ni 58

Ni(n,p)
58(g+m)

Co 71 d 
U 238

U(n,f)PF   

 

3.3 Irradiations and dose measurements 

 

Four irradiations were carried out: 

• 01h00' irradiation, with stop at 20/09/2016 12:06:58 

• 16h14' irradiation, with stop at 21/09/2016 08:01:32 

• 09h00' irradiation, with stop at 22/09/2016 06:58:33 

• 08h03' irradiation, with stop at 23/09/2016 06:03:06 

Occasional, short-duration losses of beam during the irradiations are taken into account in the durations 

quoted above. A further correction was made to account for the differences and drifting in the clocks of the 

various computers used for acquiring data. Three computers were involved: one logging the data from the 

monitor detectors measuring the radiation levels in the target hall, one located in building 020 at the JRC Geel 



 

 

 

 

site, and one in the 50-m measurement cabin at the GELINA flight path 2. The latter two detectors were used 

for HPGe detector data acquisition. The measured drift times of the computer clocks in seconds/day with 

respect to a reference time taken from the PTB clock [5] are given below. A negative value means that the 

clock in question runs slower than the reference. 

 

 Monitor:  -15.9 s/d 

 Building 020:  1.7 s/d 

 FP2/50m:  2.1 s/d 

 

Radiation doses to the people working in the target hall during assembly and disassembly of the setup and 

mounting/dismounting of the dosimeters were a concern. Tests of the dose rates at various locations in the 

target hall were done, both before and after the irradiations. Doses to personnel were minimized by 

minimizing the time spent in the target hall (especially at the high dose-rate locations), and rotating the 

people doing the tasks. The GELINA target is always moved to a shielded position before entering the area. 

Results of dose-rate measurements at various locations in the target hall after a 4-hour test irradiation in 

early 2016, and after the 16-hour irradiation during the actual experiment, are shown in   



 

 

 

 

Table 5. The measurement locations are displayed in Figure 10. For the test, there was no irradiation sample 

of any kind present, but the GELINA moderators were in place. During the experiments the moderators were 

moved away.  

Doses to individual persons will not be reported here, but total doses during the uranium experiment (19 – 

23.9.2016) can be summarized as follows: 

 

 Technical personnel and HPS (8 persons): between 4 and 111 Sv (sum: 298 Sv) 

 JRC-Geel scientists (2 persons): between 84 and 149 Sv (sum 233 Sv) 

 Visiting scientists (3 persons): between 66 and 77 Sv (sum 216 Sv) 

 

Only  doses are included as the neutron doses were significantly smaller: less than 13% of the  dose for all 

persons, the average being 5.2%). The highest total doses were received by the technical personnel during 

the preparation and carrying out of the uranium and the following copper experiments (23.8. – 3.10.2016). 

They varied between 47 and 1297 Sv, with a sum of 3329 Sv and an average value of 416 Sv 

 

 

Figure 10: The dose-rate measurement locations in the GELINA target hall. The GELINA target is indicated by 

the circle near the end of the beamline close to position 8. 

 

  



 

 

 

 

Table 5: Results of the dose-rate measurements in the GELINA target hall after a 4-hour test irradiation, and 

after the 16-hour irradiation of the actual experiment. The results are given in Sv/h. The first six columns 

refer to measurements after the test, with different cooling times, and the last column was measured during 

the experiment. For this, measurement position 8 refers to the far side of the U stack with respect to the 

target position. An additional measurement was done in the middle position of the stack. 

Measurement 
position 

28/01/2016 29/01/2016 01/02/2016 21/09/2016 

Before 
irradiation 

After 30' After 1h After 2h After 4h After 3 days 
After 16h irradiation +  

1h waiting 

1 30 250 220 180 120 25 370 

2 35 350 300 260 180 40 550 

3 50 420 400 300 220 50 600 

4 90 750 700 580 400 100 1000 

5 140 1500 1400 1000 800 200   

6 160 1500 1400 1100 800 175 2000 

7 200 2000 1800 1400 1000 250   

8 500 10000 10000 8500 5500 1000 3500 

Middle of U 
stack 

            5500 

 

3.4 Measurements of the dosimeters 

 

Two coaxial HPGe detectors, equipped with Pb-shields, were used for the post-irradiation measurements. One 

was located in the GELINA flight-path area (flight path 2 / 50 m), and another in building 020. The first is a 

Canberra BEGe detector (crystal diameter 81 mm, thickness 31.5 mm), the second an ORTEC coaxial detector 

(crystal diameter 81.7 mm, thickness 88.8 mm). The Canberra detector was equipped with a 0.6-mm thick 

carbon-epoxy window, facilitating the detection of low-energy  rays. The dosimeters were positioned on 

plastic support cylinders to put them at various distances (contact, 5 cm, and 10 cm) from the detector 

window. This was done to adjust the counting rates to minimize dead-time effects. A picture of typical 

dosimeter measurement geometry is shown in Figure 11. Some dosimeters with very low activities (Ti, Fe, Co, 

and Ni) were sent after the experiment to LPSC/CNRS in Grenoble for measurement. 

 

 

Figure 11: A typical dosimeter measurement geometry. 

 



 

 

 

 

Analysis of the data from the experiments is ongoing. The preliminary outcome looks promising, the results 

being consistent with calculations. As an example from the uranium experiment, we take the integral 

transmission rate, T(x), which is defined as the ratio between the reaction rate behind a thickness x of 

uranium, and the reaction rate at the front of the stack. Preliminary results from the present experiment are 

shown in Figure 12. They are found to be in agreement with calculations. 

 

 

Figure 12: The integral transmission rate of neutrons as a function of uranium thickness. 

  



 

 

 

 

4 The second experiment – natCu 

 

 

The experiment was performed at JRC Geel from 26th to 29th of September 2016. The front face of the first 

copper block was 100 cm from the GELINA target. A photograph of the setup is shown in Figure 13Error! 

Reference source not found.. 

 

 

Figure 13: The Cu plates being prepared in the GELINA target hall. One of the dosimeter holders is being 

inserted into one plate. For irradiation, the whole stack could be slid to the other end of the support table, 100 

cm from the neutron source. 

 

The dosimeters were inserted inside the Cu blocks in rods equipped with dosimeter holders. A rod with an 

opened dosimeter holder, as well as an MCNP model of the setup, are shown in Figure 14Figure 14: An 

opened Cu dosimeter holder (left) and an MCNP model of the Cu block in the target hall (right).. 

 

 

 

Figure 14: An opened Cu dosimeter holder (left) and an MCNP model of the Cu block in the target hall (right). 



 

 

 

 

 

4.1 Dosimeters 

 

The dosimeters that were used were Al, Fe, In, Rh, and Ni. The reactions used in the experiment are 

summarized in Table 6. 

 

Table 6: Nuclear reactions used in the Cu experiment. 

Reaction 

Effective 

Threshold 

(MeV) 

Isotopic 

Abundance 

(%) 

T1/2 E  (keV) P( %) 

103
Rh(n,n')

103
Rh

 
 0.76 100.0 0.9 h K X-rays ≤ 4.1 

27
Al(n,)

24
Na 7.30 100.0 14.96 h 1368.6 100 

58
Ni(n,p)

58
Co 2.7 68.27 70.86 d 810.76 99.45 

115
In(n,n')

115
In 1.3 95.71 4.49 h 336.24 45.9 

56
Fe(n,p)

56
Mn 6.10 91.72 2.577 h 846.76 98.87 

 

 

4.2 Irradiations and dose measurements 

 

Six irradiations were carried out, with durations of 1 h, 8 h, 2 h, 4 h, 2 h, and 7.5 h. Occasional, short-

duration losses of beam during the irradiations are taken into account. Corrections for the drifts in various 

computer clocks have been described in Chapter 3.3. 

Tests of the dose rates at various locations in the target hall were done as described in Chapter 3.3. The 

results for the Cu experiment are shown in Table 7. The measurement locations are the same as in the 

uranium experiment. 

 

Table 7: Results of the dose-rate measurements in the GELINA target hall after a 4-hour test irradiation, and 

after the 8-hour irradiation of the actual experiment. The results are given in Sv/h. Measurement position 8 

refers to the near side of the Cu stack with respect to the neutron source, after it was moved away from the 

irradiation position. 

Measurement 
position 

28/01/2016 29/01/2016 01/02/2016 27/09/2016 

Before 
irradiation 

After 30' After 1h After 2h After 4h After 3 days After 8h irradiation, 
2h wait 

1 30 250 220 180 120 25 250 

2 35 350 300 260 180 40   

3 50 420 400 300 220 50 330 

4 90 750 700 580 400 100   

5 140 1500 1400 1000 800 200   

6 160 1500 1400 1100 800 175 1200 

7 200 2000 1800 1400 1000 250   

8 500 10000 10000 8500 5500 1000 2500  

 



 

 

 

 

Doses to individual persons will not be reported here, but total doses during the Cu experiment (26 – 

30.9.2016) can be summarized as follows: 

 

 Technical personnel and HPS (7 persons): between 1 and 163 Sv (sum 321 Sv) 

 JRC-Geel scientists (2 persons): 96 and 190 Sv (sum 286 Sv) 

 Visiting scientists (2 persons): 139 and 167 Sv (sum 306 Sv) 

 

Only  doses are included as the neutron doses were significantly smaller: less than 13% of the  dose for all 

persons, the average being 3.3%).  

 

4.3 Measurements of the dosimeters 

 

The activities of the dosimeters were measured using the same HPGe detectors as in the uranium experiment. 

Figure 15 shows the relative reaction rates at various distances inside the copper block measured using the 

different dosimeters. 

 

Figure 15: The relative reaction rates at various distances inside the copper block measured using the 

different dosimeters. 

 

The neutron flux involved in the dosimeter responses for the natCu experiment can be determined from 

measured activities of the same type of dosimeters placed on the front surface of the first Cu plate. The 

saturated activities, normalized to Bq/atom, are used as input to SAND-II unfolding code [6]. The activation 

cross section library used was IRDFF-V1.04. The input spectrum for the unfolding was provided by Pierre 

Leconte, calculated with the MCNPX code. The output from SAND-II, after a number of iterations, is a 

spectrum which best fit the experimental activities (see Figure 16). In the present case, the differences 

between measured and calculated activities obtained from the five different dosimeters were within ±1.5%. 

The measured neutron flux, on the front surface of the Cu block, derived from the activated foils is 1.99 × 108 

cm-2s-1. From this it is possible to compute the total neutron yield from the target. Assuming it as a point 

isotropic source, in order to produce the observed flux at a 100-cm distance, the total neutron yield is 2.50 × 

1013 s-1. 

 



 

 

 

 

From the total neutron yield it is possible to derive a calibration for the GELINA neutron monitors CM1 and 

CM3. The average count rates of these monitors during the 3360-second multi-foil stack irradiation were CM1 

= 692.52 s-1, and CM3 = 1772.28 s-1. The calibration factors (K) for deriving the total neutron yield per 

second from the monitor counting rates are thus KCM1 = 3.62 × 1010, and KCM2 = 1.41 × 1010. These 

calibration factors have been used to normalize the activation measurements performed inside the Cu block. 

The position of the block remained always the same for all the irradiations performed. A comparison between 

the calculated (C) and experimental (E) reaction rates for the reactions of Table 6 in the different 

measurement positions inside the Cu block typically give ratios of 0.95 < C/E < 1.05. Preliminary results for 

the C/E ratios for nickel, using two different neutron transport cross-sections and the IRDFF V1.04 database, 

are shown in Figure 17. 

 

 

Figure 16: The SAND-II input neutron spectrum compared with the resulting output after the unfolding 

process. 

 

Figure 17: Preliminary example of C/E calculation for Ni dosimeters using two different neutron transport 

cross-sections and the IRDFF V1.04 database for Ni tally score. 



 

 

 

 

5 Conclusions 

 

The first conclusion is that it is feasible to perform transmission experiments in the GELINA target hall. The 

GELINA facility has potential to produce new, high-quality, nuclear data from integral transmission 

experiments. 

There is still considerable work to be done. The experimental transmission rates are to be compared with 

simulations which use different evaluated nuclear data libraries as input. For this a detailed model of the 

GELINA target and target hall need to be constructed and the spectrum should be measured and fine-tuned to 

match time-of-flight measurements at 90 and 108 degrees with respect to the electron beam. Furthermore, 

effects such as room-return neutrons and the shadow bars located near the measurement position need to be 

investigated. In the future also other materials of interest for GEN-IV nuclear reactors (Fe, Na, MgO) can be 

studied. Methods to reduce room return contributions will be investigated to improve the usefulness for low 

energy threshold reactions and check the feasibility of using capture cross sections. 
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