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Topics

 Separation of REE from Fresh Fission and Activation Products
• Y-87/88/91
• Ba/La-140
• Ce-139/141/143/144, 
• Nd-147, 
• Sm-153, Eu-152,155,156, Tb-160,Tb-161

 I’m impatient 
• Use both precipitations and columns   

 Discuss interferences.
 Not talking about Scandium
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MOST DANGEROUS SUBSTANCE IN THE WORLD
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Short Half-life + High Fission Yield = High Activity

U-235 TFY U-235 FFY U-238 FFY
FP Y-91 58.51 D 3.87% 5.72% 4.01%
AP Y-87 80.3 H
AP Y-88 106.6 D
FP Ba-140 12.7527 D 4.61% 5.96% 5.82%

La-140 40.3 H
FP Ce-141 32.508 D 4.06% 5.94% 5.34%
FP Ce-143 33.039 H 3.91% 5.72% 4.63%
FP Ce-144 284.91 D 3.72% 5.28% 4.55%
FP Nd-147 10.98 D 2.09% 2.13% 4.55%
FP Sm-153 46.284 H 0.39% 0.17% 0.41%
FP Eu-155 4.753 Y 0.03% 0.04% 0.14%
FP Eu-156 15.19 D 0.11% 0.02% 0.08%
AP Tb-160 72.1 D
FP Tb-161 6.91 D 0.00009% 0.00033% 0.00122%
FP Mo-99 65.924 H 6.26% 5.98% 6.26%

Fun Fact about Cd-115
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3 Day Old Fresh Fission Product ~1E12 Fissions
NUCLIDE RAW SEPARATED R/S 2 sig

pCi/g pCi/g
Ba-140 47600.0 49824.2 0.96 +/- 0.06 GOOD
Ce-141 17120.2 17443.8 0.98 +/- 0.06 GOOD
Ce-143 312819.1 359351.7 0.87 +/- 0.06 BAD
Ce-144 1500.0 1393.0 1.08 +/- 0.06 BAD
CS-137 25.0 27.4 0.91 +/- 0.06 BAD
MO-99 98603.6 92799.0 1.06 +/- 0.06 IFFY
TE-132 64500.0 64070.7 1.01 +/- 0.06 GOOD
Y-91 4650.0 4778.3 0.97 +/- 0.06 GOOD
ZR-97 768536.9 911253.0 0.84 +/- 0.06 BAD
ZR-95 4360.0 4622.3 0.94 +/- 0.06 IFFY
U-237 110000.0 111995.0 0.98 +/- 0.06 GOOD
Np-239 2544150.0 2511200.0 1.01 +/- 0.06 GOOD

After a 
few weeks
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Strategy

 Bulk separation of Y + REE from most other Fission Products
• Mo-99/Zr-95/Nb-95/Te-132/I-132/Ba-140 (Interferents)
• Ce-139/141/143/144 are grouped together at low side of gamma spectrum.

• All higher energy fission products contribute to Compton Continuum.
• Mo-99 and Te-132 are main interferences.

• I-132, daughter of Te-132, lots of gamma rays across gamma spectrum.

 Nd-147 low side of Ce’s can measure gamma directly with min sep.
 Sm-153, Eu-152,155,156, Tb-160,Tb-161

• Separate or keep together for gamma measurement?
• All low fission yields (less than 0.5%).

 Get rid of Ba/La-140 is #1 priority.
• La-140 will continue to in-grow if any Ba-140 is present.
• La-140 interferes with entire gamma energy spectrum.
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Chemistry Review

 Simple Group Separation of Yttrium + Lanthanides
• Main Oxidation State +3.

• Ce(IV), Eu(II), Yb(II), Sm(II)
• Ce easy to oxidize and reduce (NaBrO3 and H2O2).
• Eu can be reduced by zinc.
• Sm can be reduced by magnesium.

• Y and REE hydroxides are all insoluble.
• Hydroxides of most metals are also insoluble.
• Ba/Sr usually soluble – Ba/La-140, way to get rid of Ba-140.

• Carbonates:  Y and REE are all insoluble. 
• Y, Ce, Nd carbonates are soluble in excess alkali potassium carbonate solution.
• Ba/Sr insoluble

• Sulfates: Y and REE are soluble (Except Eu2+ if you can keep reduced).
• Ba/Sr insoluble
• BaSO4 carries La under the right conditions

• Other REE?
• Fluorides: Y and REE all insoluble.

• Great for bulk precipitation of Y and Lanthanides
• Hard to redissolve?

• Saturated solution of Boric Acid (6%) + little HNO3 
• Reprecipitate as hydroxide or carbonate for column separations.
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Solubility of Y and REE Carbonates 

 Dissolve R.E.E.(OH)3  (10 mg Y and 10 mg La)
 1 mL HCl, incipient dryness, 3 mL 50% K2CO3 boil to expel NH3

 20 mL H2O heat until gelatinous precipitate changes into a fine 
crystalline precipitate.
 The supernate contains the soluble Y!
 The supernate also contains Ce and Nd.
 The precipitate contains La.
 TRU resin gives a superior separation.
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Strategy

 Since we will eventually use TRU resins and DGA resin we have to understand the 
column capacity for how much “cold” carriers it can hold.
 Working capacity is approximately 2 mg of Am per mL of resin.

•  4 mg Am in per 2 mL prepacked column.
• ~20% of theoretical maximum loading capacity.  

 What rad tracers can we use?
• Ce-139, Eu-152, Y-88

 Cold carriers 
• Y, Ce, La, Nd, Sm, Eu, Tb?

 Hold Back Carriers
• Ba, Zr
• Ni/Co DMG example

 Oxidation States
• Ce(III) and Ce(IV) not worrying about reducing Sm(II) or Eu(II).
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Strategy

 Lanthanides carry other lanthanides
• Ce and La are traditionally used as carriers.
• Ce requires and oxidation/reduction cycle. 

 Tracers
• Since we can use Y-88, Ce-139 and Eu-152 we can add carriers for these later.

 Cold carriers 
• Y, Ce, Eu (only tracers added)
• La, Eu, Sm, Tb (1 mg each)

• 4 mg of column TRU column capacity.
• Act as carrier for Y, Ce, Eu

 Hold Back Carriers
• Ba, Zr (1mg each)

 Other Carriers
• Ni, Co, Sr, Be?
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Strategy

• Oxidation/Reduction Cycle
• Cerium can easily be oxidized to +4 with a saturated solution of NaBrO3.
• Cerium(IV) can easily be reduced to +3 with H2O2 in an acidic medium.

• Start
• Add carriers and tracers to liquid sample.
• Add a few drops of 30% H2O2 and heat on a hot water bath for a few 

minutes Ce(IV) to Ce(III).
• Make alkaline with NH4OH.

• When precipitate forms add an additional ½ mL of NH4OH.
• Why not NaOH?
• Centrifuge

• Keep supernatant for further processing of Sr, Ni, Co, etc.
• Ni and Co form soluble amines.



13

Strategy

• To the hydroxide precipitate add a few drops of acid to dissolve and volume 
to ~10 mL.
• Volume helps reduce other metals getting trapped in precipitate as it is forming.

• Add ½ mL HF
• Fluoride precipitate forms slowly – be patient.
• Fluoride also complexes Zr and Nb so they don’t precipitate
• Centrifuge

• Precipitate contains Y and REE.
• Gamma count precipitate for Nd-147 at this point.
• Solubilities of the hydroxides and fluorides give 99%+ recovery of Y and REE.
• Supernate contains Zr, Nb, Be, etc.
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Nd-147 with other REE
Major gamma peaks are from radiocerium and La-140
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Digression

• Fluoride Supernate
• Complexed Zr and Be behave like the sulfate anion.
• Can easily be precipitated by adding additional Ba.

• BaZrF6 and BaBeF4

• Dissolve with 5% Boric Acid and Nitric Acid
• Precipitate Zr(HPO4)2nH2O with a few drops of phosphoric acid.
• Precipitate Be(OH)2 with NH4OH

• Careful Be is amphoteric and will dissolve if too much NH4OH is used.
• Had to get this slide in as these are the latest separations that I’ve been working on.
• Plus BaZrF6 and BaBeF4 are fun to say and precipitate instantaneously.
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Strategy

• Dissolve the fluoride precipitate with 3 ml saturated Boric Acid + 0.5-1 mL 
HCl + 3 drops H2O2 (reduce Ce(IV) to Ce(III).
• Hot water bath
• Convert fluoride to BF3 (gas) or BF4- (anions)?

• Precipitate the Y and REE with NH4OH
• Wash with H2O.

• Set up to go through TRU
• Dissolve with minimum HNO3 and transfer to 2 mL TRU cartridge with 2M HNO3.

•  Load solution

• TRU- preconditioned with a few mLs of 2M HNO3.
• Strip Y with 15 mL 2M HNO3 into a glass LSC vial.
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Y Cleanup

Dissolve Y and REE flourides with 
boric acid and reprecipate as OH 
with NH4OH

Make 2M HNO3 load solution

TRU 2 mL column

Elute Y 15 mL 2M HNO3 directly 
into glass LSC vial. Gravity Drip.

Why 15 mL???
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Why the 15 mL 2M HNO3 Strip? - Increases Y-91 measurement sensitivity

 Gamma Efficiency ~0.1% br ~0.3%.
 LSC Efficiency ~100%

• Interference from Y-87 and Y-88.
 Gas Flow Proportional Counter Efficiency ~50%

• Slight Inference from Y-87 and Y-88.
 Cerenkov Counting Efficiency ~30%

• No Interference from Y-87 or Y-88.
• Can use Y-88 as a tracer?

 Gamma 1000 Bq Y-91 (0.1)(0.003) = 0.3 CPS
 Cerenkov 1000 Bq Y-91 (0.3)(Yield) = 300 CPS
 Cerenkov vs gamma ~1000X increase in sensitivity for same sample size.
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Y-91 Gamma Spec/LSC/Cerenkov?

 Y87-80.3 h – Sr-87m 2.806 h – Rb-87 4.7E10 y  
• Gamma’s Y-87 484.7 (92.2%) keV –Sr-87m (388.41 (83%) – Rb-87
• Beta’s Y-87 – Sr-87m – Rb-87 (100%) 273.3 Max/78.8 Avg keV 

 Y-88 106.6 d
• Gamma’s 1836 (99.4%) keV & 898 (94%) keV
• No Beta’s

 Y-91 58.5 d
• Gamma’s 1204.9 (0.3%) keV
• Beta’s (99.7%) 1543 Max/603.8 Avg keV 

 Sr-89 50.5 d
• Gamma’s 909.2 (0.095%) keV
• Beta’s (99.9%) 1491.3 Max/583 Avg keV 
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Cerenkov Counting Conditions

 Beta energy > 250 keV for Cerenkov Light to be produced.
 Y-91 Beta’s (99.7%) 1543 Max/603.8 Avg keV 
 Sr-89 Beta’s (99.9%) 1491.3 Max/583 Avg keV 
 Difference in Y-91 and Sr-89 beta energies only 3% or 21 keV.

• Will have a Cerenkov efficiency within 1% of each other.
• Can use Sr-89 to calibrate for Y-91!

 Y-87 no Cerenkov interference
• Decay chain has no beta’s with high enough energy! 

 Gamma energies higher than 514 keV only cause minimal Cerenkov.
• Can discriminate by increasing LSC count window 0-50 vs 4-50.
• Sr-85 used for Sr-90/Y-90 determination routinely at RESL.
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Y-88/91 Efficiency by Cerenkov Counting

Count Regions CPMA(0-50) Sr-89/Y-91
Y-88 BGO Count Regions CPMB G(500-600) 898 keV gamma
Y-88 BGO Count Regions CPMC G(1075-1250) 1523 keV gamma
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Cerenkov Spectrum of Y-91 and Sr-89
BGO Spectrum of Y-88 and Sr-85

Y-91 + Y-88
Sample

Sr-89 Standard

Sr-89 + Sr-85 
Sample

Sr-85 Contaminant in 
Sr-89 Standard.
Sr-89 (50.5 d)
Sr-85 (64.7 d)
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Yttrium GOAL (Y-91, Y-87, Y-88) Complete!
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Let's get Cerium

Strip rest of REE off TRU with 30 
mL of 0.05M HNO3.

Gravity Drip
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Cerium

 30 mL 0.05M HNO3 TRU Strip 
Solution (gravity drip)
 Precipitate REE with NH4OH

• Centrifuge and wash
• Could go into DGA
• If we do then we will keep Ce and 

La together and have a harder 
time getting cleaner fractions of 
Nd, Sm, Eu and Tb.

• Look at zoom view on next slide.
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Look at the 
awesome 
separation 
between La/Ce and 
Nd with 3M HCl.

Look at the OK 
separation 
between Nd, Sm 
and Eu in 2M HCl.

Look at the crappy 
separation 
between Sm, Eu 
and Tb in 1-1.5M 
HCl.
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Cerium Strategy

Either get Ce and La 
together

Or 

Take advantage of 
Ce(IV) then easily 
separate La from 
remaining REE.
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Cerium Strategy
Keep Ce and La together.

Dissolve up the REE OH’s with HCl 
and make 3M HCL load solution.

Strip La and Ce with 40 mL 3M HCL 
(gravity drip)

Strip Nd, Sm, Eu, Tb and Am with 20 
mL 0.025M HCl (gravity drip)

Note: Could remove some Nd with 
16 mL 2M HCl (8 bed volumes) 
would result in better Am-239/240 
measurement.

Rember Nd-147 has already been 
measured.
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Alternative Cerium Strategy

 To the 20 mL 3M HCL strip containing La and Ce.
• Add 10 mg of Ce carrier.

• Yield is done with Ce-139 tracer already added.
• Precipitate with Ce/La with NH4OH.
• Centrifuge and wash precipitate.
• Dissolve precipitate with 1 mL HNO3 and 1 mL saturated solution NaBrO3.

• Oxidize Ce(III) to Ce(IV)
• Add 1 mL saturated KIO3 (10g/100mL) to precipitate Ce(IO3)4.
• Dissolve Ce(IO3)4 with 0.4 mL HNO3 + 3 drops H2O2 +1 drop HCl.

• Reduces (Ce(IV) to Ce(III).
• Repeat for a total of 3 cycles.
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Ce-141,Ce-143, Ce-144 + Ce-139 Complete!
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Remaining Lanthanides

 Nd-147 11 d
• 91.1 (28%) keV, 531(13.5%) keV
• Compton Continuum Interference with Eu-155 and Tb-161.
• Can be removed from DGA with 16 mL 2M HCl .

 Sm-153 46.8 h
• 702(44%) keV, 632(34%) keV, 805(21%) keV

 Eu-156 15.2 d
• 811.8(10.3%) keV, 88.96(9%) keV, 1231 (8.8%) keV + many more

 Eu-155 4.96 a
• 86.5 (32.7%) keV, 105.31 (21.8%) keV

 Tb-160 72 d
• 86.8 (13.4%) keV, 876(30%) keV, 966(25.5%) keV + many more

 Tb-161 6.9 d
• 74.6 (5.9%) keV Am-243 interferes if using as tracer 74.67 (66%) keV

Note:  We are working with 
fresh fission products not waste 
where Sm-151 or Eu-152 would 
be built up in irradiated fuels.
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Eu-155, Eu-156 + Eu-152 Semi Complete!
72 hour count after Nd-147 and radiocerium were thought to be removed.
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Terbium Goal (Tb-160, 161)
Working on this.
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Where to Next?
My 2026 goals are:

Need to remove Nd-147
Yield by ICP-OES or ICP-MS.

Then keep Sm, Eu, Tb together for 
gamma counting.
See if Eu-152 will trace the Sm 
and Tb.

Work on reduction of Eu(II) 
chemistry.

Work on reduction of Sm(II) 
chemistry.
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Questions?
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