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IntroductionFig. 1. Mild steel magnetic shield of the NHMFL SCH Magnet.
Fig. 2. Magnetization curve of a typical mild or low-carbon steel [3].

	The National High Magnetic Field Laboratory (NHMFL) in Tallahassee is expanding with the construction or acquisition of several new electromagnets.  The All-Superconducting 32 T Magnet and the Series-Connected Hybrid (SCH) 36 T Magnet (Fig. 1) are two prominent active projects nearing completion.  For electromagnets to operate safely within specifications, they must be positioned appropriately relative to the inevitable surrounding steel, structural or otherwise.  This requires a simple approximation for the force between a ferrous object and an electromagnet, practical to the magnet engineer or user alike without resorting to finite element analysis (FEA).

Analysis
	The ferrous object is assumed to be near the mid-plane and at some radial distance, , beyond the electromagnet, to be a soft magnetic material such as mild steel, and to be uniformly magnetized but not necessarily saturated, with its magnetization in the same direction as the externally applied magnetic field.  Thus, neglecting hysteresis and using an Amperian current model of its magnetization, the following dimensionless force magnitude is derived [1, 2].

	
	
	Dimensionless Magnetic 
Force Magnitude Equation
	(1)

	
	
	Ferrous Object Magnetization 
Empirical Fit Equation
	(2)



The derived force magnitude (Eq. 1) is dimensionless because it is presented as a ratio with the weight, , of the ferrous object.  The mass density, , and the magnetization, , of the ferrous object (Eq. 2) are naturally also included in the force equation.  Shown at right (Fig. 2) is the magnetization curve of a typical mild or low-carbon steel [3], along with its empirical fit.
Discussion
	Assuming magnetic saturation of the ferrous object, the derived force magnitude then matches the “guideline” presented in the operating manuals of Oxford Instruments® superconducting magnets.  Because magnetic saturation is not assumed, the derived force magnitude has greater applicability.  The forces on the ferrous object and on the electromagnet are equal and opposite as dictated by the third law of motion, rendering their vector nature implicit.  The magnetic field and its gradient determines the bounds of the force equation.
Summary
	The derived force magnitude (Eq. 1) was used to approximate the forces between the All-Superconducting 32 T Magnet and the structural steel beams of Cell 4 in which that magnet is located.  It was also used to approximate the forces between an Oxford Instruments® superconducting magnet in Cell 16 and the mild steel magnetic shield (Fig. 1) of the SCH Magnet in Cell 14 in which that magnet is located.  This simple approximation for the force magnitude is indeed practical to the magnet engineer or user alike without resorting to FEA.
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